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In an industrial continuous bread-baking oven, dough/bread is travelling inside 
the oven chamber on its top and bottom tracks connected by a U-turn. The 
temperature profile of dough/bread during this whole travelling period, which 
depends on the distribution of temperature and air flow in the oven chamber, 
dominates the final product quality. In this study, Computational Fluid Dynamics 
(CFD) models have been developed to facilitate a better understanding of the baking 
process.  
The transient simulation of the continuous movement of dough/bread in the 
oven was achieved using the sliding mesh technique in two-dimensional (2D) domain. 
The U-turn movement of bread was successfully simulated by dividing the solution 
domain into two parts, then flipping and aligning them along the traveling tracks. The 
2D CFD modelling was proven to be a useful approach to study the unsteady state 
heat transfer in the oven as well as the heating history and temperature distribution 
inside dough/bread.   
The robustness of the CFD model to some uncertainties in the physical 
properties of dough/bread has been investigated. In this model, dough/bread was 
considered as solid materials with constant density, while both heat capacity and 
thermal conductivity were functions varying with temperature. A full factorial 
experimental plan was generated. Temperature profiles at eight different locations in 
bread and oven were analyzed. Analysis of the experimental results showed that 
density and heat capacity were more influential factors. Their effects became more 
significant when the sensors moved closer to the bread domain. A mathematical 
model describing the change in temperature profile corresponding to a change in the 
  viii
physical properties was established and validated. This study clearly shows that some 
of the physical properties may have a significant impact on the accuracy of the 
simulation results. Great care should be taken in any CFD modelling to make sure that 
errors generated from such physical property settings have been minimized.   
During baking, temperature is the dominating factor in the baking mechanisms 
including gelatinization, enzymatic reaction and browning reaction, therefore the final 
bread quality. However, many of the industrial temperature controllers’ performance 
are not optimized. To circumvent this problem, the possible application of the 2D 
CFD model in process control design has been explored. A feedback control system 
was incorporated into the existing CFD model through user-defined functions (UDF). 
UDF was used to monitor the temperature at specific positions in the oven, and to 
define thermal conditions for the burner walls according to the control algorithm. A 
feedback control system with multi-PI controllers was designed and evaluated. The 
controller performed satisfactorily in response to disturbances and setpoint changes. 
Although the 2D CFD model provided a good understanding of the baking 
process and the heating conditions in the oven to certain extents, the actual industrial 
baking oven system is three-dimensional (3D). The fluid flow is in 3D pattern that 
should be able to be simulated more accurately by a 3D model than a 2D model. A 3D 
CFD model was established which highlighted the difference in the simulation results 
between the 3D and 2D domains. It successfully overcame the limitation of the 2D 
model, predicting the air temperature and velocity much better.  
 
Keywords: Bread baking, CFD, two-dimensional (2D), modelling, robustness, 
controller, three-dimensional (3D). 
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Bread is one of the most important food in our diet. It provides important 
quantities of protein, B vitamins, iron and calcium, and it has been a symbol of 
nourishment, both spiritually and physically (Sizer & Whitney, 2003). 
Though Computational Fluid Dynamics (CFD) has proved its effectiveness in 
many areas it is still relatively new to the food industry. Food is a complex matrix and 
food processing has always been a fickle process. The pattern of fluid flows is thus 
complicated by many other factors. Some of these factors include simultaneous heat 
and mass transfer, multiple heat flow, phase change, change in physical structure, 
change in physical properties, etc. 
Baking was chosen as the process of interest for bread making. Baking is the 
key step in which the raw dough pieces are transformed into light, porous, readily 
digestible and flavoured products. The uneven temperature distribution in the oven 
results in non-uniform heat treatment in different dough pieces.  Furthermore, there 
might also be different temperature profiles at different positions within the same 
dough. These phenomena are detrimental to the baking industry, which results in 
product inconsistency and also food wastage. Modelling and simulation of baking 
process can greatly help to reduce these problems. So far, the application of CFD has 
limited success in studying baking processes.   
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A numerical simulation can be considered as an idealized virtual experiment 
with well-defined boundary conditions. It is highly reproducible. In addition, user has 
full control of the initial flow conditions. Effects of heat and mass transfer and other 
physical or chemical processes that are included in the simulation, can be studied 
individually just by changing or switching them on and off in a series of simulations. 
CFD modelling is an excellent tool for the baking industry, whereby the heat transfer 
in the whole baking oven can be better understood. With such knowledge, the baking 
process can be further improved. It would greatly increase the production efficiency, 
product consistency, and product quality. Concurrently, it could also reduce energy 
consumption and food wastage.   
One of the major problems faced by the bread-making industry is that the 
quality of different batches of ingredients (especially flour) can only be judged by 
using them to bake a loaf. Information on how to manipulate the oven operation 
condition optimally to produce quality bread is still lacking and poorly understood 
(Therdthai & Zhou, 2003). Inconsistency in the quality of baked products is common 
in most industrial, large-scale bakeries. Moreover, problems surface only towards the 
end of a baking process. However, baking is a non-reversible process; products that 
are not properly baked will have to be discarded. This is economically unfavorable. 
Besides, the lack of a good understanding of the baking process in a continuous oven 
retards the design and implementation of advanced control systems for the oven. 
 
1.2 Objectives 
The study aims to utilize the modern computing technologies to improve and 
advance the baking process, so that high quality product can be produced consistently 
  3
all the time. Apart from baking, the technique and methodologies developed in this 
study can also be applied to other food processes.  
The objectives of this study are: 
(a) To establish a two-dimensional (2D) CFD model for a continuous bread 
baking process; 
(b) To investigate the robustness of the 2D CFD model to the uncertainties in the 
physical properties of bread; 
(c) To investigate the feasibility of incorporating feedback control loops into the 
2D CFD model; 
(d) To build up a preliminary 3D CFD model. 
 
1.3 Thesis Overview  
 The rest of the thesis is organized as follows. Chapter 2 presents a literature 
review on CFD, baking mechanism, and design of controllers based on CFD model. 
Previous studies by Therdthai et al. (2003, 2004) on the same industrial baking oven 
focused in this study is also summarized in Chapter 2. 
The establishment of a 2D continuous CFD model is presented in Chapter 3.  
The CFD model developed in this chapter forms the basis for works presented in 
Chapters 4 and 5. 
Chapter 4 presents the robustness of the 2D CFD model to the uncertainties in 
the physical properties of dough/bread. The methodology to create a hybrid of CFD 
and PI controller is outlined in Chapter 5.  
A preliminary 3D model is presented in Chapter 6. Issues regarding geometry 
generation, computing resource and modeling approach are included. Chapter 7 
provides conclusions with all major achievements and further recommendations.
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2.1 Bread making 
Although people have been making bread for almost 7,000 years, no one really 
understands how the process works in details. So scientists are unraveling the 
mysteries. Research on bread making can be divided into three main areas, which are 
formulation (Hayakawa et al., 2004; Sahlstrom & Brathen, 1997), processing 
(Sommier et al., 2005; Kim & Cho, 1997; Martin et al., 1991) and storage/distribution 
(Osella et al., 2005; Czuchajowska & Pomeranz, 1989)  
Baking is a big business; the bakers always aim to produce the best quality 
products with minimum cost. Substantial work was conducted to increase the rate of 
heat transfer in baking. However, experimental studies are tedious and costly, 
sometimes, it is almost impossible to depict the real time energy distribution in the 
various parts of the oven.   
Combination of experimental and unique computer-aided system will be a 
suitable platform for developing and analyzing heat-transfer enhancement in baking a 
wide variety of products. These tests aided the understanding of how the different 
modes of heat transfer can be used to improve oven performance and to optimize 
baking profiles.  
 
2.1.1 Baking stages 
 
During bread baking, dough pieces gradually turn into light, porous and 
flavourful products, i.e. bread. A typical baking process may be divided into four 
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stages (Pyler, 1988). The first stage begins when the partly risen loaf is put into a hot 
oven (around 204°C) and ends after about a quarter of the total baking time has 
elapsed (~6.5 min), when the interior of the loaf has reached about 60°C and yeast has 
been killed. Early in the baking, the yeast continually produces carbon dioxide 
causing an increase in loaf volume called “oven-spring”. This oven-spring must be 
anticipated and loaves are not allowed to expand too much during proving prior to 
baking, otherwise the gas cells will rupture before the gluten has solidified and the 
loaf will collapse. At about 55°C the yeast is killed and fermentation ceases.  
The second and third stages account for about half the baking time (Pyler, 
1988). The semi-solid dough solidifies into bread as a result of starch gelatinisation 
(60°C – 70oC) and protein coagulation/denaturation (70°C). In the fourth stage, the 
last quarter of the baking period, surface browning reactions take place, which 
improve both colour and flavour. These reactions are limited to the hot, dry crust but 
affect the flavour of the whole loaf because their products diffuse inwards. The final 
stage is marked by the volatilization of organic compounds, known as “bake-out 
loss”. The major events during baking are summarized in Table 2.1. 
 




st 2nd 3rd 4th 
Major 
events 
1.CO2 released, loaf 
volume increased (oven 
spring) 
2. Enzyme inactivated 
(50-60oC) 
3. Yeast/bacteria killed 




1. Maximum   
• Moisture evaporation 
• Starch gelatinization 
• Protein coagulation / 
denaturation 
2. Produced brown coloured 
crust 
3. Caramelization, maillard 
reaction at crust surface 
1. Volatilization of 
organic compounds 
(“Bake-out” loss) 
2. Firm up cell wall 
3. Caramelization, 
maillard reaction at 
crust surface 




There is a need to customize the oven temperature for different baking 
process. Baking temperature is determined by the necessity of coordinating two 
processes: the expansion of gas cells and the gelatinisation of starch. If the 
temperature is too low the loaf expands long before gluten and starch have set, the 
loaf will collapse; if it is too high a crust will form too early, this prevents the loaf 
from expanding uniformly. Higher oven temperature produced steeper temperature 
slopes for the internal loaf temperature. Oven temperature within the range of 196 – 
229oC was required for acceptable baking results (Pyler, 1988). In addition, the 
optimum level of temperature is needed to be supplied at the right time, otherwise, 
product quality can be degraded (Therdthai & Zhou, 2003). 
 
 
2.2 Heat and mass transfer mechanisms during baking  
 
2.2.1 Mass transfer 
Diffusion together with evaporation and condensation has been assumed to be 
the mass transfer mechanisms inside dough (Tong & Lund, 1993; Zanoni, Peri & 
Pierucci, 1993; Zanoni, Pierucci & Peri, 1994; Thorvaldson & Janestad, 1999). 
Fermented bread dough can be considered as the dispersion of gas cells in a 
continuous phase. The continuous phase consists of starch, water, protein and minor 
constituents (De Vries et al., 1989). Water evaporates at the warmer side of a gas cell 
that absorbs latent heat of vaporization. The water vapour immigrates through the gas 
phase. When it meets the cooler side of the gas cell, it condenses and becomes water. 
Finally heat and water are transported by conduction and diffusion through the gluten 
gel to the warmer side of the next cell (Zhou, 2005). This evaporation-condensation 
mechanism explains the rapid heat transport during baking instead of conduction only.  
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The transport of water is driven by the gradients in water content. 
Thorvaldsson and Skjoldebrand (1998) found that at the center of a loaf, the measured 
water content decreased until the center temperature was at 70±5oC because of 
volume expansion. However the total water content of the loaf remained constant. 
When the temperature reached 70oC, some structural changes commenced; as a result, 
the discrete gas cells became continuous and then allowed water vapour to move 
freely. 
 Most diffusion simulation models demonstrate a similar concept. De Vries et 
al. (1989) described the transport of heat and water during baking by a mathematical 
model in which evaporation and condensation in the disperse gas phase and 
conduction in the liquid dough phase were combined.  
Zanoni et al. (1994) used finite difference numerical method to solve the 
problem. Their model was based on the hypothesis that the variation in temperature 
and moisture of bread during baking was determined by the formation of an 
evaporation front at 100oC. The upper surface (crust) temperature was determined by 
a combination of the heat supply by convection, the conductive heat transfer towards 
the inside of the sample and the convective mass transport towards the outside. Inside 
the bread (crumb), the sample was heated by conductive heat transfer according to 
Fourier’s equation. The upper surface moisture was determined by the combination of 
the convective mass transport toward the outside and the water diffusion from inside 
the sample. Moisture in the crumb was controlled by diffusion according to Fick’s 
equation. 
The best model, however, should be a multiphase model which consists of 
three partial differential equations for the simultaneous heat transfer, liquid water 
diffusion and water vapour diffusion respectively, together with two algebraic 
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equations describing water evaporation and condensation in the gas cells 
(Thorvaldsson & Janestad, 1999; Zhou, 2005) 
 
2.2.2 Heat transfer 
Physically, baking can be described as a process of simultaneous heat, liquid 
water and water vapour transports within the product as well as within the 
environment inside the baking chamber (Therdthai & Zhou, 2003). Heat is transmitted 
via radiation, conduction and convection to the dough pieces. Conduction raises the 
temperature of the dough surface that is in contact with the baking tin, and then 
transfers heat from the surface to the centre of dough, while radiation transmits heat to 
the exposed tin and loaf surfaces. Hence, conduction and radiation produce localized 
heating effects. Convection, on the other hand, tends to create a uniform heat 
distribution in the baking chamber.  
Inside the bread, experimental studies have shown that the major transport 
mechanism involved is evaporation-condensation of water and not heat conduction 
(Sablani et al., 1998). A recent, corrected model for the combined energy and mass 











∂                        (2.2)
  
With the boundary conditions: 
 
)()( 44 swsatp TTTThnTk −+−=⋅∇ εσ                                        (2.3) 
)( sam MMhnCD −=⋅∇                                                       (2.4) 
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Where  ρb is apparent density (kg/m3); cpb is specific heat (J kg-1 K-1); T is temperature 
(K); t is time (s); kp is thermal conductivity (W m-1 K-1); λv is latent heat (kJ kg-1); D 
is water diffusivity (m2 s-1); ht is convective heat transfer coefficient (W m-2 K-1); hm is 
convective mass transfer coefficient (m/s); M is absolute moisture content (kg/kg); ε 
is emissivity; σ is Stefan-Boltzman constant (W m-2 K-4). The subscript a stands for 
air; s stands for surface; w stands for walls. 
 
 
2.3 Computational Fluid Dynamics (CFD) 
 
Computational Fluid Dynamics (CFD) modelling and simulation is becoming 
an essential tool in almost every domain where fluid dynamics are involved. CFD is a 
numerical method that predicts velocity, temperature, pressure, etc by solving the 
associated governing equations describing the fluid flow, i.e. the set of Navier-Stokes 
equation, continuity equation and energy conservation equation. The equations are 
solved over a defined space and time domain, discretised by computational grids and 
time step respectively.  
 
2.3.1 Modelling overview 
 
An overview of the CFD modelling is shown in Figure 2.1. Pre-processing is 
the first step in building and analyzing a flow model. It includes building the 
geometry of the model, applying a mesh, and specifying the zone type. The geometry 
can be built using standard CAD (computer aided design) software, then the domain is 
discretized (meshed) into a finite number of cells or control volumes.  
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Figure 2.1 CFD Modelling Overview (Fluent, 2002a)  
 
 
The accuracy and resolution of the results obtained depend on the number of 
cells defined: the usage of more cells yields more details of the flow field on the 
expense of more computational effort (i.e. computer memory and CPU-time). The 
quality of the computation depends on the quality of the mesh therefore the generation 
of a good mesh is crucial. Cells have to be distributed in such a way that fine meshes 
are clustered in regions with severe flow gradients, leaving coarse meshes in the far 
field. Therefore, the knowledge of the flow field to be modeled is required in advance 
and the mesh has to be adjusted accordingly. Figure 2.2 shows an example of a single 
bread tray with unstructured mesh in (a) two-dimensional (2D) triangle face mesh and 
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Figure 2.2 Mesh of a single bread tray 
((a) 2D face mesh, (b) 3D volume mesh)  
 
After pre-processing, the CFD solver does the calculations and produces the 
numerical results. All CFD calculation is based on the fundamental governing 
equations of fluid dynamics – the continuity, momentum and energy equations 
(Anderson, 1995).  




ρρ                (2.5) 




ρτρρ )()(                   (2.6) 
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ρτρρρ )()()()()(                (2.7) 
Where ρ is the density (kg/m3); →v  is the velocity vector (m/s); P is the static pressure 
(N/m2); 




1 →+ vme )  (J); •q  is the volumetric heating rate (W/m2); k is the 
thermal conductivity (W/m K); T is the local temperature (K). 
In the solver, these partial differential equations are discretized into a system 
of algebraic equations which can then be solved for the values of flow-field variables 
(e.g. velocity, temperature, pressure, etc) at the discrete grid points.  Post-processing 
is the final step in CFD modelling, and it involves organization, presentation and 
interpretation of the data and images.   
With the availability of a wide range of commercial CFD softwares, CFD has 
began to gain its popularity in many applications. Users are not required to write 
specialised computational code from scratch or to use individual software to achieve 
individual modelling objective. Most CFD softwares are offered as an integrated 
package, with all units for pre-processing, solver and post-processing. Some of the 
common commercial CFD codes include CFX, Fluent, Star-CD, and etc (Xia & Sun, 
2002). 
 
2.3.2 Performance of CFD 
It is the various advantages of CFD that make it attractive. The ability of CFD 
to model physical flow phenomena that cannot be easily measured with a physical 
experiment makes it highly desirable. Analysing the fluid flow helps understanding 
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how processing equipment or system operates and reveals dysfunction, such as poorly 
ventilated areas that impair process efficiency (Mirade, Kondjoyan & Daudin, 2002). 
These knowledge are essential to improve modelling of flow, heat transfer, mixing 
properties and etc. In addition, it will also shorten the time to develop a new food 
processes and aid the solution of process problems. With CFD, it is also possible to 
evaluate changes with much less time and cost than would be incurred in laboratory 
testing (Xia & Sun, 2002).  
Although this computing technique has been proven to be of great importance 
in predicting the fluid flow characteristics for many industrial applications, the 
accuracy of the CFD modelling results still depends upon many factors such as the 
availability of high performance computational resources, accuracy of the 
mathematical model for flow physics and numerical methods, etc. The full picture of 
a flow field is often hard to obtain for complex fluid flows in terms of physics (e.g. 
turbulence) and geometry. Even with today’s most powerful supercomputers, it is still 
necessary to resort to experiments to verify the simulated results (Moin & Kim, 
1997). For example, it is perhaps impossible to devise a CFD model that can 
absolutely accurately simulate the heat and mass exchanges in a real operating plant 
(Mirade et al., 2002). 
In addition, the specific food material properties and food processes differ in 
many ways from those to which CFD is conventionally applied (Xia & Sun, 2002). To 
many CFD users, material physical properties may not be an issue during the setup of 
a CFD model. Many users attempted to use the default settings recommended by the 
software provider. This is tolerable in many applications where the material properties 
do not vary much during simulation. Although the introduction of CFD to the food 
industry has created more opportunities, however, the direct application of CFD could 
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be difficult due to the complexity introduced by the change from raw ingredients to 
products. 
Lastly, users need to have acquaintance of physical flow modelling and 
numerical techniques in order to set-up a proper simulation and to judge the value of 
its results, while taking into account the capabilities and limitations of CFD.  
 
2.3.3 Applications to the food industry 
Technical transfer of the CFD approaches to the food industry yields many 
benefits, e.g. it can reliably predict the likely performance of a fluid handling 
equipment at the design stage. Scott and Richardson (1997), Xia and Sun (2002) and 
Wang and Sun (2003) reviewed the general applications of CFD to the food 
processing industry. These include spray drying, refrigeration, retort sterilization, 
pasteurisation, mixing and pumping of food. The application list is expanding rapidly. 
Some of the recent applications include processes such as baking (Therdthai, Zhou, & 
Adamczak, 2003), drying (Mirade, 2003), cleaning in place (Friis & Jensen, 2002), 
sterilization (Ghani, Farid, & Zarrouk, 2003; Jung & Fryer, 1999), refrigeration 
(Foster, Madge, & Evans, 2005; Fukuyo, Tanaami, & Ashida, 2003), cooling (Hu & 
Sun 2003), milk processing (Grijspeerdt, Birinchi & Vucinic, 2003) and spray drying 
(Nijdam, Guo, Fletcher, & Langrish, 2004).  
Advances in CFD make it possible to incorporate more process variables in 
the simulation, Ghani et al. (2003) investigated the effect of can rotation on 
sterilization of liquid food by CFD simulation. Transient temperature and velocity 
profiles caused by natural and forced convection heating were presented and 
compared with those for a stationary can. The results showed that the rotation of a can 
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had a significant effect on the shape, size and location of the slowest heating zone 
(SHZ). 
CFD has been used by manufacturers to optimise their equipment design to 
high hygienic standards before constructing any prototypes. Friis & Jensen (2002) 
studied the hydrodynamic cleanability of closed processing equipment based on 
modelling the flow in a valve house, an up-stand and various expansions in tubes. The 
wall shear stress and the presence of the recirculation zones played a major role in 
cleaning a closed process system.  
Mirade (2003) used a two-dimensional CFD model with time-dependent 
boundary conditions (i.e. an unsteady model), to investigate the homogeneity of the 
distribution of air velocity in an industrial meat dryer. The results obtained confirmed 
the industrial observation concerning poor process efficiency and the need for 
controlled regulation of the ventilation cycle.  
Therdthai et al. (2003) worked with an industrial bread baking oven. A 2D 
CFD model was established to simulate the temperature profile and airflow pattern 
due to the convective and radiative heat transfer at different operating conditions. 
With the simulation results, the optimum position of the controller sensor was studied. 
Their work was then extended to a 3D moving grid model. The 3D model could 
describe the different temperature profiles for different trays. Most importantly, the 
dynamic response of the travelling tin temperature profile could be predicted in 
accordance with a change in oven load. 
 
2.4 Design of process controller based on CFD model  
Process modelling can be carried out at different levels, with different 
accuracies, and for different objectives. Modelling for control purpose often requires a 
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model that captures the major dynamics of the controlled variables to the manipulated 
variables and important disturbances. There are many different ways to develop 
process models, e.g. process identification (Ljung, 1987), mathematical modeling 
based on some general principles (Seborg, Edgar & Mellichamp, 2004) and etc. These 
methods, although effective, are tedious, and it requires a large number of 
experimental data to formulate and validate a high quality model. Besides, the 
efficiency of the controller depends highly on the quality of the model.  
Incorporation of a process controller into CFD provides an effective way of 
studying the control system.  This combination allowed the user to look at the 
immediate effect of changing controller parameters to the solution field. In addition, 
the impact of a control action on the process can be evaluated for the whole system, 
rather than at specific sensing points.   
The combined application of CFD and process control modeling/simulation 
has lead to significant benefits. Bezzo, Macchietto & Pantelides (2000) combined 
CFD technology and process control strategy via a general interface that allows the 
automatic exchange of critical variables between two packages, leading to a 
simultaneous solution of the overall problem. In their work, the CFD tool acts as a 
provider of fluid dynamic services interfaced to the process simulation tool providing 
thermodynamics services. Commercial CFD package (Fluent 4.5) was integrated with 
a general-purpose advance process simulator (gPROMS 1.7 by Process Systems 
Enterprise Ltd. (1999)).  In 2002, Hawkes used FIDAP CFD software to simulate a 
soil melting process, the power input was controlled as a boundary condition by a PID 
controller that was programmed in FORTRAN. This modeling approach had helped to 
validate new hazardous waste treatment technique while reducing the need for 
expensive and time-consuming testing. Desta, Janssens, Brecht, Meyers, Baelmans, & 
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Berckmans (2004) modelled and controlled the internal dynamics of the energy and 
mass transfer in an imperfectly mixed fluid by enhancing the CFD simulation model 
(CFX4.3) with a simplified, low-order representation of the process using a 
mathematical identification technique. 
 
2.5 Summary of the previous work on the baking oven used in this study using 
CFD  
 Therdthai et al. (2003) studied an industrial bread baking oven, which is 
schematically shown in Figure 2.3. A 2D CFD steady state model was established to 
simulate the temperature profile and airflow pattern under different operating 
conditions including different energy supply and fan volume. Their work was then 
extended to a three dimensional (3D) dynamic model with moving grid (Therdthai, 
Zhou, & Adamczak, 2004). The 3D model could describe the different temperature 
profiles for different moving trays. Dynamic response of the travelling tin temperature 
profile could be predicted in accordance with a change in the oven load. However, 
due to the limitation of the software used, the oven configuration had to be simplified, 













Figure 2.3.  2D schematic diagram of an industrial bread baking oven (from Therdthai 










Figure 2.4: Diagram of the placement of travelling sensors on the tin (from Therdthai, 
2003) 
 
 In the 3D model by Therdthai et al. (2004), the U-turn was ignored and the top 
and bottom sections of the moving track were separated into two independent tracks. 
Dough pieces were subsequently split into two streams. The top cold-dough stream 
moved towards the back of the oven and then out of the oven. After that, hot dough, 
which was 50% baked, moved in via the bottom track towards the front end of the 
oven. Although this model was proven to be effective, it had inherent drawbacks. 
Rigorously speaking, the simplified process was no longer continuous. All hot dough 
pieces in the bottom stream were reinitialised with an approximate solution, which 
might make their temperature profile different from that in the real continuous baking 
process.  
 Therdthai (2003) measured the transient dough and tin temperatures for the 
whole baking process online (Table A1). Six travelling sensors (five type K 
thermocouples and an in-line anemometer) were used and they were connected to a 
Bakelog (BRI Australia Ltd) to record the temperatures and air velocity during 
baking. As illustrated in Figure 2.4, sensors 1 to 4 measured the top-lid temperature 
B 









1) Lid temperature 
2) Side temperature 
3) Bottom temperature 
4) Dough temperature 
5) Velocity & Air temperature 






(Top T), side temperature (Side T) and bottom temperature (Bottom T) of the tin and 
the centre temperature of dough/bread (Dough T), respectively. Sensor 5 measured 
the air temperature (Air T) and velocity (Air V) between the two bread blocks, also 
shown in Figure 2.4. In this thesis, these data will be used to validate the simulated 
profiles from the CFD models to be developed. 
The work in this thesis was a further extension from the previous studies by 
Therdthai et al. (2003, 2004), aiming to eliminate some of the existing simplifications 
and assumptions due to the limitation in computational capacity. This was achieved 
by using high performance computational resources together with innovative methods 
to overcome the limitations in commercial CFD software.  
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Chapter 3  
 
Development of a 2D CFD Model 
 
3.1 Introduction  
A 2D CFD steady state model was previously established to simulate the 
temperature profile and airflow pattern under different operating conditions 
(Therdthai et al., 2003). Results from the previous study had provided constructive 
information to achieve the optimum baking temperature profile by manipulating the 
energy supply and airflow pattern. In addition, positioning of the controller sensors 
was also investigated using the CFD simulation results.   
Their work was later extended to a three dimensional (3D) dynamic model 
with moving grid (Therdthai et al., 2004). The 3D model could describe the different 
temperature profiles for different moving trays. However, due to the limitation of the 
software used, the U-turn movement in the oven had to be simplified. Although this 
model was proven to be effective, it had inherent drawbacks, i.e. the simplified 
process was no longer continuous.  
 In this chapter, a 2D CFD model was developed to simulate the baking process 
as realistically as possible. Basic feature of the U-turn continuous movement was 
successfully kept in the model. Results from this model help to understand how the 
different modes of heat transfer and oven operation parameters can be used to 





3.2 Oven geometry and CFD setup  
3.2.1 Oven geometry 
This study focused on an industrial travelling tray oven with a dimension of 
16.50 m (length) × 3.65 m (width) × 3.75 m (height). Figure 2.3 shows a schematic 
diagram of the oven structure. The oven can be divided into 4 heating zones. Dough 
enters the oven and travels continuously through zones 1 and 2 on an upper track, and 
then U-turns to zones 3 and 4 on a lower track. Hot air supply and return ducts with 
dampers are built in each zone, in which the hot air flows from the burners (Figure 
3.1). These ducts are connected by three rows of small tubes. When the hot air from 
the burners flows through the ducts and tubes, it first heats up the wall of the ducts 
and tubes, which further heats up the air in the oven chamber and then dough/bread in 
the travelling trays.  Temperatures in the four zones are regulated by two feedback 
controllers through manipulating the natural gas volume flow rate to the burners. 
During industrial baking, dough (at 40oC) is delivered continuously from a 
prover into the oven. It is a first-in-first-out system. Baking temperature and dough 
moving speed are set up to ensure that all dough pieces are completely baked when 
they exit the oven. In the industrial setting, the moving speed of the conveyor belt is at 
0.022 m/s, and the total baking time over a belt length of 32 m is about 24 min. 
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Figure 3.1  3D schematic diagram of a section of the baking oven (from Therdthai et 
al., 2003) 
 
3.2.2 Modification of the oven geometry for CFD modelling 
Commercial CFD software Fluent 6.1.22 was used in this study.  The 
continuous motion of dough/bread in the trays could be simulated using the sliding 
mesh technique. However, direct application of this technique was complicated by the 
U-turn movement of dough from zone 2 to zone 3 (Figure 2.3). This problem was 
solved by dividing the oven into two parts, then flipping and aligning them along the 
travelling track as shown in Figure 3.2. The cutting interfaces were linked by five 
pairs of periodic boundary condition. Change in the direction of the gravitational 
force (
→
g ) in the two parts caused by flipping them was handled by using a user-
defined function (UDF) (Appendix B1) to redefine the body force.  
To simplify the 2D oven configuration, the burners were treated as circular 
objects with fixed wall temperature. The supply and return air ducts were created as 
rectangular objects. The tubes between the ducts were simplified as an array of 
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circular objects; the spaces between the circular objects represented the space between 
the tubes that allowed hot air to circulate inside the chamber. The two convection fans 
were modelled as T-shaped flow channels with inlets at the bottom and outlets at the 
top tube ends. The airflow velocity at the outlets was determined by the corresponding 
fan volume flow rate. The small vertical part of the travelling track at the U-turn from 
zone 2 to zone 3 as shown in Figure 2.3 was ignored. 
 
3.2.3 Temperature monitoring points 
To measure the oven operation on-line, in Therdthai (2003) six moving 
sensors including five temperature sensors and one hot-wire velocity sensor were 
attached to a travelling tin (Figure 2.4). These travelling sensors monitored the 
temperature profiles on the tin (i.e. bread surface temperatures) and the air velocity 
near the tin during the baking process. In this CFD simulation, the monitoring points 
were placed on the 3rd bread block in the 7th bread tray (one bread tray consisted of 4 
bread (tin) blocks) fed into the oven. Sensors 1 to 4 measured the top temperature 
(Top T), side temperature (Side T) and bottom temperature (Bottom T) of the tin and 
the centre temperature of dough/bread (Dough T), respectively, as illustrated in Figure 
3.3. Sensor 5 measured the air temperature (Air T) and velocity (Air V) between the 
two bread blocks, also shown in Figure 3.3.  
Three stationary sensors (6-8) were also placed in the oven, as shown in Figure 
3.2, to monitor the oven conditions. They were placed in the top part of the oven, 
0.11m away from the ceiling. Sensor 6 was placed above the outlet duct in zone 1. 





Figure 3.2.  Modified oven geometry of the 2D CFD model  
( :  Periodic Boundary. No. 1-5 indicated the pairing of periodic boundary at the cutting edge.)                
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Figure 3.3  Locations of the moving sensors for dough/bread tray with fine mesh.  
  
3.2.4 Grid resolution 
The mesh/grid quality plays a significant role in the accuracy and stability of a 
CFD numerical computation. A poor quality grid will cause inaccurate solutions 
and/or slow convergence (Fluent, 2002b). Hence, a preliminary sensitivity test for 
grid resolution was conducted to establish the appropriate mesh size so that error 
generated from meshing could be minimized. 
GAMBIT v2.0 (Fluent, 2002b) was used for mesh generation for the 2D CFD 
model. A non-uniform unstructured triangle mesh was used to obtain better spatial 
resolution. To optimize the utilization of the computational resources, sensitivity tests 
were performed only to the baking oven, which had irregular geometry, but not to the 
bread and the travelling tray which had regular geometry as shown in Figure 3.3. Four 
cases with different mesh sizes were designed, listed in Table 3.1. All the other 
parameters including the solver settings, boundary conditions, and bread and 
travelling track mesh sizes etc, were kept constant. Steady state simulations were 
carried out in Fluent 6.1.22. After that, the temperature and velocity distributions 
across the oven were compared.  
 
 







Table 3.1. Information on the grids in the sensitivity tests  
 
 Case 1  
(coarsest) 
Case 2 Case 3 Case 4  
(finest) 
Cells 153183 190466 192448 271046 
Faces 253731 311542 314642 434984 
Nodes 95514 115788 116862 157952 




1920 300 – 330 311 501 
 
The coarse meshes (cases 1 and 2) did not reproduce the distributions as 
observed in case 4 that had the finest mesh. It was concluded that the mesh size in 
case 3 was the best choice. It was coarser than that in case 4; however it still enabled 
to reasonably well simulate the temperature and velocity distributions. Thus, this 
mesh size was taken as sufficient and subsequently adopted in all simulations, 
because a finer mesh (such as that in case 4) would require more computational 
resources.  
 In the oven chamber, high mesh density (≈ 40-50 element/m) was used in 
regions close to the boundary (ducts and tubes); the mesh density near the walls and 
in other regions was about 20-30 element/m. Along the travelling track, the mesh 
density in bread varied; the bread with attached sensors had a fine mesh (200 
element/m), and the others had densities ranging from 50-67 element/m. Air along the 
track had a lower density (≈ 50 element/m).  
 The mesh quality was checked by the EquiAngle Skew ( EASQ ), which is a 
















max                     (3.1) 
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where maxθ and minθ are the maximum and minimum angles (in degrees) in the element, 
and eqθ is the characteristic angle corresponding to an equilateral cell of similar form. 
For triangular elements, eqθ = 60.  
EASQ  ranges from 0 to 1, with EASQ = 0 describing an equilateral (best) element, 
and EASQ = 1 describing a completely degenerated (poorly shaped) element. The 
distribution of the mesh quality of the grids is illustrated in Figure 3.4. It had an 
average EASQ value of 0.1. More than 50% of the total elements had skewness ranging 
from 0 to 0.1. Elements with a higher skewness (≈10%) were mostly found at regions 
























Figure 3.4 Mesh quality  
 The high mesh density was necessary for the bread with monitoring sensors, as 
large gradients of flow properties were expected. The fine mesh also provided a good 
spatial resolution around the monitoring points.  In addition, a UDF was used to 
capture the temperature profiles near the sensor positions (Figure 3.3). These 
temperatures were recorded by averaging the centroid temperatures of the cells 
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around a monitoring position. The total number of cells for the whole oven was 
278,942. 
 
3.3 Model Setup 
3.3.1 Material properties 
3.3.1.1 Thermal properties  
Dough/bread was considered as solid material with a constant density of 327.2 
kg/m3. In order to better predict the baking process, heat capacity and thermal 
conductivity were set up in accordance to temperature during baking. The settings are 
listed in Table 3.2. 
In real situation, the physical properties of bread keep changing as the baking 
process proceeds. Due to the limitation of the software, the density of dough/bread 
was taken as a constant (Fluent, 2002a). However, in all of the equations involved in 
the CFD model, the density of bread is always coupled with its heat capacity (Cp). 
Therefore, variation in the density due to temperature change during baking could be 
incorporated into the variation in Cp with temperature.  
 
Table 3.2. Cp and k of bread as functions of temperature (piecewise 1st order 
polynomial)  
 
Temperature (oC) Heat Capacity , Cp (J/kg K) Thermal Conductivity, k (W/m K)
28 3080 1.27 
60 2550.6 0.57 
120 1774.3 0.25 
227 1514.1 0.24 
 
3.3.1.2 Radiative properties 
In Fluent, material properties including absorption coefficient and scattering 
coefficient are required for the Discrete Ordinates (DO) model, which calculates the 
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amount of radiative heat transfer. Although the scattering coefficient is important in 
some industrial processes such as glass making, it has little relevance to the baking 
process and thus was assumed to be zero.  
 Absorption coefficient, on the other hand, is important. In radiation, the 
participating medium can either increase or decrease the magnitude of radiation 
intensity. This change depends on the absorption coefficient, medium temperature, 
temperature of the surrounding surfaces and the intensity of the radiation source. 
Radiative heat transfer between opaque solids is considered as a surface phenomenon. 
The absorption coefficient determines the rate of exponential attenuation of the 
radiant energy within the material. Metals have large absorption coefficients and the 
radiant energy penetrates only a few hundred angstroms at most (ASHRAE, 1993). 
In the CFD simulation, dough and steel are both solid, opaque material. Thus, 
the absorption coefficient of steel and dough were both set as 10000. The higher the 
absorption coefficient, the “thicker” the medium (material) behaves towards radiation. 
This high value ensured that the radiation would be attenuated within a very short 
distance (1/10000 = 10-4 m = 100 µm) in the medium.  
 Air, which consists of nitrogen, oxygen, small amount of carbon dioxide and 
other gases, has been found not showing absorption bands in those wavelength 
regions of importance to radiant heat transfer. However, water vapour released from 
dough or presence in the air itself absorbs or emits radiative energy. Thus the 
moisture content of the ambient air should be taken into account when evaluating its 
absorption coefficient. In this study, the absorption coefficient of air was set as a 




3.3.2 Solver settings 
Segregated unsteady state solver was used to solve the governing equations of 
momentum, mass and energy conservations and the turbulence kinetic energy 
equation sequentially. Turbulent flow was modeled with the standard k-ε model 
(Launder & Spalding, 1972). Radiation was modeled using the DO model.  
 Radiation is the most important mode of heat transfer in the bread baking oven 
(Therdthai & Zhou, 2003). Therefore, it is crucial to choose the correct radiation 
model. Choice of radiation models depends on the mode of radiation, the expected 
accuracy of the results and simulation time. In the baking oven, the mode of radiation 
is mainly surface to surface radiation. The Surface-to-Surface (S2S) Model built in 
Fluent 6.1.22 allows faster calculation; however it cannot be used together with 
sliding mesh. Meanwhile, the DO model can be used together with sliding mesh. The 
DO model can be applied to a wide range of radiation problems with greater accuracy. 
At the same time, it also has a higher demand on the computational resources (Fluent, 
2002a).  
 The various equations used in the model are described by Eqs (2.5) - (2.7). As 
pointed out earlier in Section 3.2.2, due to the modification of the oven geometry by 
flipping, direction of the gravitational force was different in the four zones (Figure 
3.2). Thus, additional source term (Appendix B1) indicating this change was added to 








The DO model considers the radiative transfer equation (RTE) in direction 
→
s as a field equation. Scattering coefficient as mentioned in Section 3.1.2 is taken as 
zero. Thus RTE can be written as:   
π
σ 42),()()),(( TnasrIassrI =+⋅∇ →→→→→                         (3.2) 
Where a is the absorption coefficient (1/m); I is the radiation intensity;
→→
sr , are the 
position and direction vector respectively; n is the refractive index; T is the local 
temperature (K), σ is the Stefan-Boltzman constant. 
 
3.3.3 Boundary conditions 
In the actual industrial bread baking process, the top lids of the bread tins were 
always pre-heated before being placed on the tins. Thus, the initial tin temperature on 
the top was higher than those on the bottom and side which were approximately the 
same as the dough temperature. An internal wall temperature boundary condition was 
applied to the top lid to simulate this preheating before dough was fed into the oven. 
A UDF was used to determine the temperature of the wall at different locations. 
Starting with 40oC, when dough was outside the oven and 1.4 m from the oven 
entrance, the wall temperature was set at 95oC. After the dough entered the oven, this 
temperature was taken as the average temperature of the cells right above and below 
the wall surface. Heat flux to the internal wall from fluid cells was computed as:  
radfWf qTThq +−= )(                (3.3) 
A fixed surface temperature condition was applied to the wall of the burners. 
Heat flux to the burner wall from fluid cells was also computed by equation (3.3).  
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Convective heat transfer boundary condition was applied to all oven outer 
walls, duct surfaces and heating tubes. Heat flux to the wall was computed as:  
)()( WextextradfWf TThqTThq −=+−=              (3.4) 
hext was estimated to be 100 W/m2K at the duct inner surfaces (Therdthai et al., 2003) 
and  0.3 W/m2K at the outer walls (Therdthai et al., 2004). 
CFD simulations with the above models and configurations were conducted on 
an IBM p690 supercomputer. Continuous baking of 30 minutes was simulated. Up to 
50 iterations were carried out for each time step. The total computing time was around 
6.5 days with a time step size of 1 second.   
 
3.4. Results and discussion  
3.4.1 Preliminary visualisation of CFD output 
3.4.1.1 Oven temperature 
To mimic the industrial practice, the oven was allowed to heat up to a 
predetermined temperature of 280oC for the first 120 seconds (Figure 3.5(a)) before 
the first bread was fed in. The transient simulation of the oven temperature show that 
a drastic decrease in the sensor temperature was observed as more dough was fed into 
the baking chamber. From Figure 3.5(a) & (b), the effect of the oven load is apparent. 
The oven temperature decreased from hot at 120s when the oven was empty to 








Figure 3.5. Temperature (K) contour plots from the CFD model 
(c) zone 1 (d) zone 2 
(e) zone 3 (f) zone 4 
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The temperature profiles from the stationary sensors 6-8 are plotted in Figure 
3.6 (the corresponding data are given in Table A2). After 950 s, when the oven was 
almost full, the temperature in the region around the sensors and bread surface was 
greatly reduced so that small oscillations were observed as the bread passed the 
sensors. The period of one oscillation cycle was equivalent to the time needed for a 































    Figure 3.6.  Temperature profiles from the stationary sensors 6 – 8. 
 
3.4.1.2 Dough/bread temperature 
 Changes in the temperature inside dough/bread as it travelled through different 
zones are shown in Figure 3.5(c) – (f) (the corresponding data are given in Table A3). 
Depending on the physical properties of dough/bread, the surface temperature of 
dough/bread increased slowly across different zones. The low temperature (blue) 
region reduced slowly as more heat was transferred to the center of the dough/bread. 
In zone 4, the center temperature reached 100oC, indicating the bread became  
completely baked.  
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3.4.1.3 Air flow inside the oven chamber 
The velocity vector plots under both empty and full oven conditions are shown 
in Figure 3.7(a) & (b). The air flow pattern changed as dough/bread moved through 
the oven. Generally, the velocity magnitude at the full oven condition (Figure 3.7(b)) 
was higher than that when the oven was empty (Figure 3.7(a)). Due to the presence of 
circulation fans, zones 3 and 4 had the highest average velocity, these two zones were 
highly affected by forced convection. 
Figure 3.8 showed the velocity profile at 0.025m from the bread top surface. In 
zone 3, the temperature gradient between the ducts/tubes to the surrounding hot air 
was higher, thus the extent of natural convection increased due to the density 
differences. Therefore, the velocity in zone 3 was higher than that in zone 4 (Figure 
3.8). Zone 2, being directly above zone 3, was also influenced. Thus, the velocity of 
the travelling tin in zone 2 was also high despite the absence of convection fan in this 
zone. 
However, similar mechanism was not observed in zone 4 due to a lower 
duct/tube temperature. Zone 4 relied mainly on forced convection and its velocity was 
not high enough to influence zone 1.  Zone 1 is the only zone with much smaller 
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3.4.2 Verification with experimental data 
 
The effectiveness of the CFD model in simulating the behaviour of the actual 
baking process can be further evaluated by comparing the measured temperature 
profiles with the simulated temperature profiles as shown in Figure 3.9. In general, the 
pattern of the CFD model predicted temperature profiles agreed well with that of the 
measured ones. However, there was still discrepancy between the modelled profiles 
and the measured experimental data. In this study, the emphasis was placed on heat 
transfer and airflow in the oven chamber, while the detailed baking mechanism inside 
dough/bread was simplified. Hence, better prediction results were obtained at 
positions near the dough/bread surface than at the bread centre. 
In the actual baking process, heat was transferred gradually towards the dough 
centre. Temperature at the dough centre stopped increasing when the centre 
temperature reached around 97oC due to moisture evaporation-condensation. 
However, the pattern observed in the experiments was not reproduced in the 
simulated dough temperature profile (Figure 3.9(d)). This might be due to the 
ignorance of the moisture transport inside dough/bread in the current CFD model. The 
impact of moisture transport can be further illustrated by the two different temperature 
profiles observed during the initial stage of baking (0-330 s). 
As observed in Figure 3.9(d), there were minimal changes in the experimental 
dough temperature profile. When the dough was first heats up, moisture inside the gas 
cell will evaporate by absorbing latent heat of vapourization. Some of these water 
vapour then travel to the cooler part of the dough and condense as water. As baking 
proceeds, relatively cold moisture will be concentrated in the center of the dough. 
Water has a relatively high heat capacity; more heat energy is required to increase the 
dough temperature. Therefore, experimental dough temperature remained stable from 
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0-300s. However, in the simulated CFD model, conduction is the only mode of heat 
transfer. Thus, the temperature kept increasing until bread left the oven. The slope of 
the curve, i.e. the increasing rate of the temperature, depends on the physical 
properties of the dough/bread, including density, thermal conductivity and heat 
capacity. 
The correlation between the experimental and modelled data sets was 
calculated, shown in Table 3.3. The correlation coefficient for the temperature profiles 
from all sensors in the bread domain (i.e. sensors 1 to 4) was close to 1. However, 
from Figures 3.9(a)-(d), it can be seen that there were discrepancies in some regions. 
The high correlation coefficients merely indicated the similarity in the trend of the 
measurements recorded for each pairing. Temperature and velocity profiles from 
sensor 5 had much lower R values, which indicated little similarity or low capability 
of the CFD model to reproduce the experimental trends at this sensor position. Sensor 
5 measured the temperature and velocity profiles of air at a restricted region between 
two neighbouring bread tins where the maximum distance between the two tins was 
approximately 35.8 mm. Thus, the poor quality of the CFD modelling results at sensor 
5 could be due to a limitation in any 2D configuration i.e. the channelling effect 
caused by small openings. From Table 3.3, it is clear that the developed 2D model can 
better predict the top, side and bottom temperatures compared to the 3D model by 
Therdthai et al. (2004). This presents a big advantage of the current 2D model over 
the 3D model, i.e. the surface temperatures of bread can be better predicted with a 





Table 3.3 Comparison of the correlation coefficient (R) and root mean square error 
(RMSE) obtained from the current continuous model and the model from Therdthai et 
al. (2004). 
 
    Top T Side T Bottom T Dough T Air T Air V 
R 0.9442 0.9574 0.9570 0.9586 0.351 0.299 Continuous 
Model (2D) RMSE 11.75 16.38 16.08 8.94 31.78 0.272 
R 0.9132 0.9065 0.9065 - - 0.6019Therdthai e 
et al. (3D) RMSE 11.88 16.79 16.64 - - 0.0336
 
In general, the simulated profiles are satisfactory, despite the still-existed 
discrepancies between the experimental and modelled data. It is worth to point out 
that it is unrealistic to aim to reproduce exactly the experimental temperature profiles 
by this 2D model. Firstly, CFD is a finite element method where the bread/oven 
domain was meshed into a number of cells. The temperatures from the moving 
sensors were recorded as the average temperature of the surrounding cells around the 
monitoring point. This is an effective method that allows a user to investigate any 
region with high temperature gradient. However, the “mesh-size” was most likely 
different from (and surely much bigger than) the size of the thermocouple used in the 
experiment. Secondly, this 2D CFD model ignores the variation along the width of the 
oven (i.e. the third dimension). Thirdly, due to the limited computational resources, it 
is impractical for a CFD model to include all details of the process and all actual 
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Figure 3.9.  Measured (experimental) and modelled temperature and velocity profiles. 







A 2D CFD modelling method for the continuous baking process with U-turn 
movement in an industrial oven was developed. The model was capable of producing 
a good prediction of the temperature profiles at the surface of bread, even better than 
the existing 3D model. Due to the simplification of the baking mechanism inside 
dough/bread in the current model, the temperature profile prediction at the 
dough/bread centre needed further improvement. The air temperature could be 
reasonably predicted but much limited by the domain being 2D and the ignorance of 
the effect of water vapour on radiative heat transfer. In general, the current model 
provided a good approach to study the transient phenomena of heating and air flow 
inside the baking oven. In addition, the model formed a basis for further work 
including manipulation and optimisation of the process variables, study and 









Robustness Analysis of the 2D CFD 
Model to the Uncertainties in its 
Physical Properties 
 
4.1. Introduction  
During baking, dough experiences changes in its physical structure and 
composition. Following these, the density, moisture content and temperature of 
dough/bread change constantly throughout the whole baking process. Thus, the 
thermo-physical properties of dough/bread vary accordingly throughout the baking 
process. Density, thermal conductivity and heat capacity are some of the key thermo-
physical properties. 
Knowledge of these properties is essential for mathematical modelling and 
computer simulation of the heat and mass transport involved. Although thermo-
physical properties of bakery products have been extensively studied in literature 
(Rask, 1989; Baik, Marcotte, Sablani, & Castaigne, 2001), due to the inherent 
complexity of a food matrix, these data are oftentimes not consistent. Usually, it is 
necessary to make measurements for each special case, or at least to carefully check 
the values reported in literature or the calculation models.  
This issue not only raises serious concerns on using them to predict the final 
bread quality for the bakery industry, but also leads to the difficulty in correctly 
setting up the material properties in a CFD model. In addition, it is of interest to know 
how a change in the physical properties will affect the final simulation results 
therefore the validity of the whole modelling practice. The knowledge on the 
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sensitivity of bread baking process to changes in its material properties is also 
important for the bakery industry to maintain the product quality consistent.  
In this chapter, the robustness of the 2D CFD model developed in Chapter 3 to 
changes in its physical property settings is investigated. Firstly, the important factors 
were identified through a sensitivity analysis of the simulation results. Based on the 
findings, models capable of relating the changes in the physical properties to the CFD 
outputs were developed and validated. These models provided a faster and more 
economic way to quantitatively determine the impact of any uncertainty in a physical 
property on the key temperature profiles by CFD simulations. 
 
4.2. Design of simulation parameters  
A set of physical properties from literature were selected as the center point 
(nominal) setting. Under the nominal setting, the validity of the model was already 
established by high correlation between the simulated temperature profile and the 
experimental temperature profile at various locations as shown in Chapter 3.  
To identify the effect of various properties, simulations were conducted where 
the physical properties were set with varying density (ρ), heat capacity (Cp) and 
thermal conductivity (k), each held at three levels. A high level setting (+) was 
selected based on the highest average reported data in literature. Once these two levels 
(centre and high) were decided, the low level setting (-) was determined by reducing 
the center setting by the same percentage as to that by which the high level setting 
was above the center setting (Table 4.1). Then, a full factorial design with one center 
point was generated (Table A4). Due to the limitation of the CFD software, ρ could 
only be set as a constant value while Cp and k were temperature dependant functions. 
There were a total of 9 cases in the whole design. 
  44
Table 4.1  Proposed physical property settings  
 
 0 (center) + (high) - (low) 
 ρ (kg/m3) 245.4 ρ 327.2 ρ 163.6 







(Factor C) Cp k Cp k 
301.15 2800 0.28 3500 0.35 2100 0.21 
333.15 2318.7 0.13 2898.4 0.16 1739.0 0.095 
393.15 1126.5 0.056 1408.2 0.070 844.9 0.042 
500.15 1009.4 0.053 1261.7 0.066 757.0 0.040 
 
To verify the performance of the models to be established, a validation run 
(case 10) was also conducted. Its density and heat capacity were 20% and 25% higher 
while the thermal conductivity was 15% lower than those in the center point setting 
respectively, as listed in Table 4.2. 
 
Table 4.2  Physical property settings for Case 10 
 
 ρ 294.44 
   
Temp (K) Cp  k  
301.15 2240 0.24 
333.15 1855 0.107 
393.15 901.2 0.048 
500.15 807.5 0.045 
 
Temperature profiles at eight locations were monitored and recorded as the 
simulation’s output. Sensors 1-5 were located inside the bread tray, with sensors 1 to 
4 measuring the top, side, bottom and center (dough) temperatures of bread, 
respectively. Sensor 5 measured the temperature of air between the bread tins. Air 
velocity at this position was also monitored. Sensors 6-8 were stationary, which were 
close to the locations of the actual controllers’ sensors in the industrial oven. The 
positions of the sensors are shown in Figure 3.3 (sensors 1-5) and Figure 3.2 (sensors 
6-8). 
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4.3. Results and discussion  
4.3.1 Preliminary effect analysis 
In this section, data were evaluated based on a full oven condition (Table A5). 
For this purpose, the mean value of all loaves in each zone was taken as the average 
value at that zone; for example, the top temperature in zone 1 was taken by averaging 
the top temperature of all loaves in zone 1.  
An effect analysis is essentially to estimate the relative strength of different 
factors or factor interactions. It can also be described as an average measurement 
reflecting how changing levels affect the average response (Gardiner, 1997). For a 
single factor, its effect is defined as: 
Single Factor Effect= (Effect contrast)/ (2fac-1)              
                     = (Response at high level – Response at low level) / 2fac-1       (4.1) 
where fac is the number of factors held at two levels, i.e. 3 in our case.  
For the interaction of two factors, its effect is defined as the difference 
between the summation of all responses when the factors are set at the same level and 
the summation of all responses when the factors are at the opposite levels.  
Effect of A*B = ( Response at ABsame – Response at ABopp) / 2fac-1 
  = (Response at AHBH + Response at ALBL  
– Response at AHBL – Response at ALBH) / 2fac-1          (4.2) 
where the subscript H indicates high level, L indicates low level. 
For a three-factor interaction, the effect is defined as the difference in the 





Effect of A*B*C = (Effect of A*B at high C – Effect of A*B at low C) / 2fac-1 
  = [(Response at ABsame & CH – Response at ABopp & CH)  
– ( Response at ABsame & CL – Response at ABopp & CL)] / 2fac-1     (4.3) 
The absolute value of an effect determines the relative strength of the 
corresponding factor or factor interaction. The higher the value, the greater the effect 
on the responses. Figure 4.1 shows the normalized estimated effects of the three 
selected factors, while Table A6 presents the corresponding data. As shown in Figure 
4.1, in general, density (Factor A) and heat capacity (Factor B) exerted the highest 
effect. The factor interactions were significant in few cases, and the most significant 
interaction was A*B. 
The sign of the effect of a single factor determines if increasing the single 
factor setting will result in a higher or lower response. For example, to increase a 
response, a positive effect implies that the high level setting of the factor is preferred; 
a negative effect, on the other hand, suggests that the low level setting is desirable 
(Gardiner, 1997). For interactive effect, a positive effect implies that the average 
response when the two factors are set at the same level is higher than the average 










































































































































Figure 4.1.  Normalized estimated effects (expressed as the % change in the 
temperature or velocity at various sensors in each zone) per 1% change in each factor 
and factor interaction  
 
From Figure 4.1 as well as Table A6, the negative effects of Factors A and B 
mean that the low value settings in ρ and Cp resulted in higher response than their 
high value settings. When the density (Factor A) and heat capacity (Factor B) were 
low, bread/dough was less dense and less energy was required to heat it up. The 
bread/dough could be heated up quickly with less energy, thus its temperature would 
be higher than that with higher density and heat capacity. Furthermore, the high 
values of the effect of A*B in Figure 4.1 indicate that the change in response when 
Factor A moved from its low level to high level was very much dependent on the 
level of Factor B, i.e. significant interactive effect.  
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For Factor C (i.e. k), the higher the thermal conductivity, the faster will be the 
heat conduction from the surface to the interior of bread. This will also have a net 
effect of cooling down the oven as more heat is being absorbed by bread/dough. Thus, 
theoretically, Factor C should demonstrate a positive effect on dough (internal) 
temperature and negative effects on all other temperatures measured. However, from 
Figure 4.1 it can be seen that the thermal conductivity (k) did not show an impact as 
high as the other two factors. This was probably due to the sufficient energy supply to 
the oven that was able to sustain the high amount of heat conduction towards the 
center as well as maintain a high temperature at the surface.  
 
Table 4.3  Normalized estimated effectsa  
 
Controller Timeb A B C A*B A*C B*C A*B*C
1 -0.134 -0.131 -0.068 -0.020 -0.031 -0.035 0.010 
2 -0.492 -0.478 -0.194 -0.021 -0.113 -0.108 0.029 
3 -0.655 -0.634 -0.197 0.094 -0.142 -0.132 0.065 Sensor 6 
4 -0.678 -0.662 -0.188 0.206 -0.144 -0.143 0.094 
1 -0.029 -0.028 -0.016 -0.004 -0.007 -0.009 0.009 
2 -0.427 -0.417 -0.154 -0.066 -0.107 -0.103 0.005 
3 -0.664 -0.644 -0.170 0.062 -0.147 -0.137 0.042 Sensor 7 
4 -0.678 -0.664 -0.153 0.194 -0.150 -0.151 0.057 
1 -0.035 -0.034 -0.024 -0.006 -0.008 -0.009 0.010 
2 -0.234 -0.229 -0.091 -0.041 -0.062 -0.060 0.011 
3 -0.564 -0.551 -0.146 0.058 -0.123 -0.120 0.063 Sensor 8 
4 -0.588 -0.580 -0.118 0.187 -0.131 -0.135 0.067 
a Expressed as the % change in the temperature of the stationary sensors per 1% 
change in each factor and factor interaction at various processing time. 
b Time = when bread was fed into the baking chamber. (1 indicates ¼ of the total 
processing time, 2 indicates 2/4 (½) of the total processing time, and so on) 
 
The effect of all factors increased as baking proceeded. For temperatures at the 
controller sensors, the impact of oven load is apparent; the effect (Table 4.3 and Table 
A7) of all factors increased as more dough pieces were fed into the oven. When a 
dough piece was fed into the oven, its surfaces would be heated up first, and then heat 
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was slowly transferred to its center with the transfer speed depending on the thermal 
properties of dough/bread. Thus, for the bottom temperature (Bottom T), side 
temperature (Side T), top temperature (Top T) and air temperature (Air T), the effects 
remained relatively constant with time; the dough temperature (Dough T), on the 
other hand, experienced different effects as bread moved through different baking 
zones (Figure 4.1). 
From Figure 4.1, it can be observed that the effect of all factors was higher in 
regions closer to the bread center.  Out of the five sensors, Dough T had the highest 
average effects followed by Side T, Top T and Bottom T. This difference was caused 
by the positions of the sensors. For Dough T, the measuring sensor was situated right 
in the center of bread where heat penetration was highly dependant on the physical 
properties, while the other three sensors were situated at the surface of bread. 
Furthermore, for Air T and Air Velocity, the sensors were out of the bread domain 
and all factors became insignificant. Therefore, the effect of the physical property 
setting of bread changes with the location of a sensor. Higher effect would be 
observed as the sensor moved nearer to the bread domain.  
From the effect analysis results shown in Figure 4.1, it can be concluded that 
Factors A and B (i.e. ρ and Cp) dominated. Factor A*B was the most significant 
interactive effect. This information was very useful in the later stage for developing a 
model to relate the change in the physical property setting with the change in various 
temperatures. The insignificant factors could be simply omitted and more emphasis 





4.3.2 Combined effect on the quality attributes 
Baking good quality bread is the ultimate goal of the baking industry, and the 
purpose of modeling a baking process is to be able to predict the quality attributes 
arisen from various operating conditions. Thus, it is of interest to further analyze the 
effect of the factors on the quality attributes of bread.  
Table 4.3 and Figure 4.1 presented much data on the different sensors 
evaluated based on a full oven condition. To further assess the results from the 
preliminary analysis, temperature profiles of sensors 1-4 (as shown in Figure 3.3) 
attached to the 3rd bread block in the 7th bread tray fed into the oven were used to 
estimate the quality of bread.  
A model (Eq. 4.4) developed by Therdthai, Zhou, & Adamczak (2002) was 
used to combine the temperatures measured by the top, side and bottom temperature 
sensors into an average weighted temperature for each of the four zones in the oven 
(Figure 2.3).  
BiBiSiSiTiTiwei TWTWTWT ++=                                 (4.4) 
where Twei (i=1,2,3,4) are the weighted temperatures in the four zones. TTi, TSi, TBi are 
the top, side and bottom temperatures in each zones, respectively, WTi, WSi, WBi are the 
weighting factors for the top, side, and bottom temperatures, respectively, and their 
values can be found in Table A8 (Therdthai et  al. ,2002). 
The weighted temperatures were then used to estimate the quality attributes. A 
second order equation describing the relationship between the baking temperature, 
baking time and the quality attributes including weight loss, crust colours and internal 
temperature were developed by Therdthai et al. (2002) as follows: 


















jijii zbzzbzbbf                  (4.6) 
where yi (i=1,…,6) are the quality attributes: % weight loss (y1), side crust colour (y2), 
top crust colour (y3), bottom crust colour (y4), average crust colour (y5), and dough 
internal temperature (y6). zi (i=1,…,4) are the weighted temperatures in the four zones. 
z5 is the baking time (=24.8 min). bi0, bij, bijk, and bijj (i=0,1,…,5; j=1,…,5; k=1,….5; 
j≠k) are model parameter, and their values are listed in Table A9 (Therdthai et al. 
,2002). 
The effects of each factor and factor interaction to the quality attributes are 
shown in Figure 4.2 (with the corresponding data given in Table A10), except the 
dough internal temperature (y6) which is already shown in Figure 4.1 (Dough T). For 
weight loss (y1), lower setting of Factors A and B resulted in a higher value. Weight 
loss is mainly due to the evaporation of water at the outmost layer. As shown in the 
previous section, lower setting of Factors A and B resulted in higher average 























Figure 4.2.  Normalized estimated effects (expressed as the % change in the quality 
attributes) per 1% change in each factor and factor interactions  
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Factors A and B exerted a positive effect on all colours including the side (y2), 
top (y3), bottom (y4) and average (y5) colours. These colours were expressed by the 
lightness (L) value. The darker the colour, the lower the corresponding L-value. Bread 
crust begins to acquire its typical brown colouration as the crust temperature reaches 
150-200oC (Pyler, 1988). Bread with higher density and heat capacity has a lower 
average surface temperature, and thus a lighter crust colour. 
From the effect analysis on the quality attributes, it can be seen that again 
Factors A and B (i.e. ρ and Cp) dominated. Some interactive effects were significant 
especially A*B*C. This information is very useful as a guide to the development of 
high quality CFD models for the baking process. More efforts should be spent on 
correctly setting those important physical properties. 
 
4.3.3 Mathematical models for changes in the temperature profiles 
As the CFD simulation is very time-consuming and computer resource 
demanding, it is desirable to develop simple mathematical models to predict changes 
in the temperature profiles in response to a change in the physical property setting. 
With such a model, further analysis can be more efficiently carried out on the impact 
of the uncertainty in a physical property value. This analysis could then provide a 
guide on the demand on the accuracy of the property in order to have an adequate 
CFD model eventually. 
Data from the full oven condition was used for modeling. A total of 4×36 
experimental data (4 average top, side, bottom and dough temperatures for 9 cases, 
respectively) with varied physical property settings were used for modeling. Third-
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order mathematical models were developed to describe the temperature changes in 
































x  (j =1,2,3)                           (4.9) 
where giTΔ  (g=1,2,3,4; i=1,2,3,4) are temperature changes: iT1Δ  (i=1,..,4) are the 
changes in the average top temperature in the four zones, respectively; iT2Δ (i=1,..,4) 
are the changes in the average side temperature in the four zones, respectively; iT3Δ  
(i=1,..,4) are the changes in the average bottom temperature in the four zones, 
respectively; iT4Δ (i=1,..,4) are the changes in the average dough temperature in the 
four zones, respectively. xj (j=1,2,3) are the physical properties: x1 the density (Factor 
A), x2 the heat capacity (Factor B) and x3 the thermal conductivity (Factor C). ΔxjΔxk 
(j, k=1,2,3; j≠k) are the two-factor interactions (A*B, A*C, B*C), Δx1Δx2Δx3 is the 
three-factor interaction (A*B*C). cgij, cgijk, cgi123, and bgij are model parameters whose 
values are given in Table 4.4. Matlab 6.1 was used for parameter estimation. Case 9 is 
where all factors were at their nominal values. 
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Table 4.4. Model Parameters for Eq. 4.7 
 
  g = 1 (Top) 
  i = 1 i = 2 i = 3 i = 4 
agi1 -4.471E-01 -5.658E-01 -4.961E-01 -4.060E-01 
agi2 -4.402E-01 -5.574E-01 -4.799E-01 -3.945E-01 
agi3 -1.123E-01 -2.227E-02 2.141E-02 3.791E-02 
agi12 3.770E-03 4.250E-03 2.362E-03 -2.015E-05 
agi13 -7.174E-04 -1.004E-03 -6.091E-04 -3.503E-04 
agi23 0.000E+00 0.000E+00 0.000E+00 0.000E+00 
agi123 1.224E-05 6.512E-06 1.128E-06 -2.666E-06 
bgi1 4.897E-03 5.670E-03 4.343E-03 2.409E-03 
bgi2 2.810E-03 3.254E-03 2.493E-03 1.382E-03 
     
  g = 2 (Side) 
  i = 1 i = 2 i = 3 i = 4 
agi1 -4.122E-01 -5.707E-01 -6.008E-01 -5.717E-01 
agi2 -4.076E-01 -5.614E-01 -5.857E-01 -5.468E-01 
agi3 -1.458E-01 -4.013E-02 1.425E-02 6.182E-02 
agi12 3.496E-03 4.738E-03 3.853E-03 1.853E-03 
agi13 -4.984E-04 -1.215E-03 -1.064E-03 -7.974E-04 
agi23 0.000E+00 0.000E+00 0.000E+00 0.000E+00 
agi123 1.298E-05 1.173E-05 1.568E-06 -1.177E-05 
bgi1 4.644E-03 6.052E-03 5.775E-03 4.634E-03 
bgi2 2.665E-03 3.474E-03 3.315E-03 2.660E-03 
     
  g = 3 (Bottom) 
  i = 1 i = 2 i = 3 i = 4 
agi1 -2.731E-01 -1.920E-01 -1.833E-01 -1.452E-01 
agi2 -2.663E-01 -1.882E-01 -1.806E-01 -1.432E-01 
agi3 -1.365E-01 -4.440E-02 -2.459E-02 -1.039E-02 
agi12 1.935E-04 8.690E-05 1.369E-04 6.535E-05 
agi13 -7.824E-04 -5.070E-04 -4.785E-04 -3.754E-04 
agi23 0.000E+00 0.000E+00 0.000E+00 0.000E+00 
agi123 1.226E-06 6.285E-08 5.695E-07 -3.461E-07 
bgi1 1.894E-03 1.202E-03 1.159E-03 8.954E-04 
bgi2 1.087E-03 6.897E-04 6.654E-04 5.139E-04 
     
  g = 4 (Dough) 
  i = 1 i = 2 i = 3 i = 4 
agi1 -8.618E-02 -7.910E-01 -2.039E+00 -2.107E+00 
agi2 -9.266E-02 -8.574E-01 -2.149E+00 -2.001E+00 
agi3 4.825E-02 3.028E-01 4.244E-01 5.234E-01 
agi12 2.114E-03 1.904E-02 4.679E-02 3.582E-02 
agi13 -1.042E-03 -5.675E-03 0.000E+00 -5.680E-03 
agi23 0.000E+00 0.000E+00 0.000E+00 0.000E+00 
agi123 2.174E-05 1.058E-04 0.000E+00 -1.213E-04 
bgi1 2.129E-03 1.874E-02 3.591E-02 3.393E-02 
bgi2 0.000E+00 0.000E+00 2.061E-02 1.947E-02 
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4.3.4 Comparison of CFD model and mathematical model 
Changes in the temperature profiles from the CFD validation run were 
compared with the predicted values calculated from the model (Eq. 4.7). Outputs from 
both models are listed in Table A11. The corresponding errors are summarized in 
Table 4.5. From Table 4.5 it can be seen that the highest error was 0.695%, from the 
model for the dough temperature in zone 4. This error is equivalent to ±0.7K for a 
temperature as high as 373K. This is tolerable as it is close to the normal 
measurement errors from thermocouples (±0.5K). The small errors in Table 4.5 
illustrate the capability of Eq. 4.7 to effectively predict the corresponding change in 
the temperature profiles following a change in the material physical properties in the 
CFD model.  
Figure 4.3 shows a plot of the modeled values against the CFD experimental 
output at different zones. The modeled and the experimental values were close to each 
other with small errors, indicating that the model performance was reasonably good. 
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 Table 4.5.  Error (%) from the model validation for Case 10  
 
 1 2 3 4 
g = 1 (top) -0.139 -0.123 -0.297 -0.206 
g = 2 (side) -0.113 -0.125 -0.205 -0.359 
g = 3 (bottom) 0.0335 0.0183 0.0148 0.0256 






































Figure 4.3.  Plot of the experimental output and modeled output from all models 











4.4 Conclusions  
The introduction of CFD to the food industry has created more opportunities, 
however, its direct application could be difficult due to the complexity brought by the 
change from raw ingredients to products. Bread baking is a fickle process, the 
physical properties, physical structure, and even composition of the food change 
along the process. This gives rise to the issue of various material-related settings in a 
computational model. The robustness of the 2D CFD model to changes in the physical 
properties of bread in a baking process has been addressed in this chapter.  
The study in this chapter highlights the importance of carefully selecting 
physical properties in CFD modelling. Through mathematical models, it was 
demonstrated that settings in some of the physical properties could significantly affect 
the simulated temperature profiles. Care should be taken when setting up a CFD 




Chapter 5  
 
Designing Process Controller Based 




 In the previous two chapters, CFD was proven to be an effective tool to study 
the transient phenomena of heating and air flow inside the baking oven. In this 
Chapter, an application of the current 2D CFD model to designing process controllers 
is presented.  
 In bread making, baking is the key step in which raw dough pieces are 
transformed into light, porous, readily digestible and flavoured products in a baking 
oven. The quality of bread depends largely on the temperature profile of the 
dough/bread during the whole baking process. As described in the previous chapters, 
for the industrial oven in this study, during a typical baking process, the dough/bread 
effectively experiences four major heating zones. Temperature in each heating zone is 
the dominating factor on the baking mechanisms including gelatinization, enzymatic 
reaction and browning reaction, therefore the final bread quality (Therdthai, et al., 
2002). 
 To achieve the optimized baking profile, the common industrial practice is to 
bake bread in the oven at a constant controlled temperature. Uneven temperature 
distribution and random disturbance in the oven often result in inconsistent heat 
treatment for different pieces of dough. These phenomena are detrimental, resulting in 
product inconsistency and food wastage. To meet the high demands on the quality of 
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bread, it is necessary to design a high performance control system for the baking 
process to guarantee that the process is always under the optimum conditions.  
 To date, many of the industrial baking ovens are not fully automated. The 
production is highly dependent on experienced personnel to monitor various baking 
practices, for example, the time to feed dough into the oven, the volume flow rate of 
natural gas to the burners, the amount of different ingredients to be added etc. This 
“know how” goes with people, and it is very difficult to quantify these parameter 
settings. On the other hand, a proper tuning process of a controller is very resource 
demanding, it produces batches of over-baked or under-baked bread, and this could 
disturb the already busy baking schedule. Baking is a traditional and conservative 
business, most bakers are contented with their current process settings, and they are 
worry of any indefinite changes that might result in great economic loss. Most bakers 
are reluctant to any major revamp, and process automation is therefore difficult to 
achieve. 
Incorporation of process controllers into CFD could provide an effective way 
for studying a control system.  This combination allows a user to look at the 
immediate effects of changing controller parameters on the oven response and 
performance through numerical simulation. In addition, the impact of a control action 
or parameter setting on the process can be evaluated for the whole system, rather than 
just at specific sensing points.  In this chapter, incorporation of PI controllers into the 
existing 2D CFD model for the studied industrial bread baking oven was investigated.  
 
5. 2 Position of the controller sensors and industrial control practice 
The sensitivity of the controller sensors varies with the locations in the oven 
(Therdthai et al., 2003). Due to the higher heat loss through the ceiling, the 
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temperature at the areas closer to the ceiling has a lower sensitivity to the change in 
the heating duct temperatures. The areas closer to the traveling tin showed higher 
sensitivity.  
Two controller sensors (Sensor 7 & 8) were placed at locations as shown in 
Figure 5.1, i.e. 0.11 m from the ceiling, as recommended by Therdthai et al. (2003). 
Temperatures measured by these sensors were feedback to the industrial controllers. 
The controllers then adjusted the volume flow rate of natural gas into the burners and 
then the temperature of heating ducts. The industrial controllers were three-level on-
off controllers, i.e. the controller output was limited only to “small, medium, or high” 
flow rate of natural gas. In some cases, the operators manually adjusted the actuators 
according to the measurement by the sensors or some subjective personal evaluations. 
This practice that involves manual adjustment is always inconsistent. 
 
5.3 Integrating a control system with a CFD model 
5.3.1 CFD model 
A two-dimensional (2D) CFD model was developed and validated in Chapter 
3. In this model, the transient simulation of the continuous movement of dough/bread 
in the oven was achieved using the sliding mesh technique in Fluent 6.2.16 (Fluent, 
2002a). The U-turn movement of bread was successfully simulated by dividing the 
solution domain into two parts, then flipping and aligning them along the traveling 
track (Figure 3.2).  
 
5.3.2 Feedback controllers  
An outline of the control system design is shown in Figure 5.1. The control 
objective was to maintain the oven temperature by adjusting the thermal conditions of 
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the heating elements (burners, ducts and tubes). Temperatures measured by sensors 7 
& 8 were the controlled variables (T7, T8), while the wall temperatures of burners 3 & 
4 were the manipulated variables (MV2, MV1). This was a 2 × 2 control problem. Step 
tests were simulated by increasing and decreasing MV1 and MV2 respectively. 
To avoid potential problems arising from controller interactions, the Relative 
























Kij denotes the process gain between Ti and MVj 
 The comparable high value of all Relative Gain Array elements indicated 
severe interaction between the two control loops. To reduce this interaction, 
decouplers (De18, De27) were built in. The main goal of decoupling was to make the 
design of diagonal multiple input-multiple output systems possible by eliminating 
interactions. Therefore, four process transfer functions, i.e. Co17, Co28, De18 and De27, 




Figure 5.1 Control system design  
(Black dark lines: the hidden feedback control loop) 
 
 
5.3.3 Integration of the CFD model and control system 
 
The CFD software (Fluent 6.2.16) calculated the heat transport, natural 
convection and turbulent flow in the baking oven. The feedback controller was 
introduced into the Fluent solver by means of UDF (user defined function) written in 
C programming language (Appendix B2).  
 The modeling procedure is shown in Figure 5.2. At the start of each iteration, 
the sensors’ temperatures (T7, T8) were first feedback to the controllers. 
Understanding of the oven operation was well established in Chapter 3. From Figure 
3.6, it was observed that the controller sensors oscillated according to the movement 
of dough/bread along the traveling tray. This oscillation should not be feedback 
directly to the controllers. Otherwise, the controller’s performance would be severely 
affected. Thus, a filter of 30 s moving average was built in after 500 s, when the 
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Figure 5.2 Structure of the modeling procedure 
 
Inside the UDF, the decoupled PI controllers then compared the set points to 
the feedback temperatures, generating the corresponding error signals (Er7, Er8). If T7 
or T8 moved away from their set points Ts7 and Ts8, then the following events would 
occur: 
 
• The controller for loop 1 (Co17) adjusts MV1 so as to force T7 back to Ts7. 
However, MV1 is also affected by Er8 via decoupler De18. 
• The controller for loop 2 (Co28) adjusts MV2 so as to force T8 back to Ts8. 
However, MV2 is also affected by Er7 via decoupler De27. 
 
After that, MV1 and MV2 were sent back to the CFD solver as the wall 
temperature of burners 4 and 3 respectively. The burners, ducts and tubes were inter-
connected. Therefore, in the CFD model, the free stream temperatures of the ducts 
and tubes changed according to the burner temperatures (Figure 5.2). 
CFD is a numerical calculation method. Frequent changes in the boundary 
conditions might destabilize the system numerically, and more iterations are required 
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for a converged solution. To overcome this problem, the boundary conditions (MV1 
and MV2) were changed on a 30 s interval. The controller actions proceeded 
continuously until a new steady state was reached.  
 
5.4. Establishing the controllers 
5.4.1 Temperature set point (Ts7, Ts8) 
During the initial stage of baking, the oven was first preheated to a high 
temperature (≈ 280oC ≈ 553K). At this preheating stage, both Ts7 and Ts8 were set as 
550K.  
As more cold dough was fed into the baking chamber, the oven temperature 
would be cooled down. As a result, the set point (Ts7, Ts8) were adjusted according to 
the baking cycle and the position of the sensors.  
As indicated in Figure 5.1, sensor 7 monitored the temperature of the front 
part of the oven. The first dough that was fed into the oven travelled to this position 
around 500 s. From 0s to 500s, T7 will be cooled down by the incoming cold dough. 
To effectively evaluate the performance of the controllers in response to disturbances, 
there was no set point change in this period. To test the controller’s capability to track 
a change in set point, as well as achieving a good baking performance, at 500s, 
changes in set point was also introduced. Therefore, changes in Ts7 (if any) take effect 
after 500 s. Sensor 8 was located at the back part of the oven in zone 2. Similarly, 






5.4.2 Feedback control mode  
PI (proportional and integral) controller was chosen as the feedback control 
mode. It provides immediate proportional control coupled with the corrective integral 
control. The equations for the controller outputs in the time domain are as follows:  
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Where Kc = Controller Gain; 
 
 τI = Integral time (s); 
 
Er7(t) = Ts7(t) – T7(t); 
 
 Er8(t) = Ts8(t) – T8(t); 
 
T7(t), T8(t) = Measured value of T7 or T8. 
 
Δt = Time step size (s) 
 
5.4.3 Characteristics of process dynamics  
 Proper tuning of the controller settings is essential to achieve a satisfactory 
control results. In Chapter 3, better understanding of the baking oven was established. 
There were large frequent disturbances due to different feed composition and the 
temperature of the oven was highly dependant on the oven load. To better design the 
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controller and evaluate the process dynamics, eight step tests were carried out (Tables 
5.1 & 5.2). The process gain (K) (Eq. 5.4) and time constant (τ) (Eq. 5.5) for each 
case was calculated and compared, as shown in Tables 5.1 and 5.2.  
MV
TK Δ
Δ=                                  (5.4) 
)(5.1 12 tt −=τ           (5.5) 
Where t1 = time required for the system to reach 28.30% of the total response  
            t2 = time required for the system to reach 63.20% of the total response  
 
Table 5.1 K and τ from the step tests on Burner 4 (MV1) 
K τ Case MV1 MV2 ΔMV1 K11(T7) K12 (T8) τ 11 (T7) τ 12 (T8) 
5.1 650 450 +200 0.341 0.277 37.5 68.25 
5.2 580 450 +130 0.268 0.189 92.25 111 
5.3 720 670 +50 0.705 0.085 65.25 322.5 
5.4 600 670 -70 0.085 0.288 223.78 147.74 
 
Table 5.2 K and τ from the step tests on Burner 3 (MV2) 
K τ Case MV1 MV2 ΔMV2 K22 (T7) K21 (T8) τ 22 (T7) τ 21 (T8) 
5.5 450 650 +200 0.445 0.418 63 64.5 
5.6 450 580 +130 0.405 0.378 99 100.5 
5.7 670 720 +50 0.408 0.402 22.5 65.25 
5.8 670 550 -120 0.702 0.279 44.56 70.35 
 
Table 5.1 shows the results of the open loop responses to the step changes in 
MV1. The nonlinearity of the process dynamics was evident from the big difference in 
K and τ values in the 4 runs for the same controlled variables (T7 and T8).  Similar 
conclusion can be drawn for MV2 where varying K and τ values were obtained from 
the open loop tests with increased or decreased value of MV2.  
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5.4.3.1 Preliminary investigation of the nonlinear behaviour of the process 
The purpose of the investigation was to ascertain if the controller needed to be 
redesigned if the process operating conditions changed significantly. Using the step 
test results from case 5.1 and 5.5 (Table 5.1 & 5.2), the first controller (FC) was 
designed by the Cohen and Coon method (Seborg et al., 2004). Kc and τI were 
calculated and incorporated into the CFD model as described in Section 5.3. The 
performance of this controller was then evaluated based on different process operating 
conditions.  
The first simulation (Case 5.9) aimed to establish a processing condition 
where the back oven temperature (T8) was higher than the front oven temperature (T7) 
under the full oven load. The second simulation (Case 5.10) was set up to achieve the 
reverse. The set point changes for the two simulations were summarized in Table 5.3. 
 
Table 5.3 The temperature set points, Ts7 and Ts8, for preliminary evaluation of 
nonlinear behaviour 
Case 5.9 Case 5.10 Simulation Time (s) 
Ts7 Ts8 Ts7 Ts8 
0-500  550 550 550 550 
500-750 510 550 550 550 
>750 510 550 550 520 
 
 
The closed-loop responses for cases 5.9 and 5.10 are shown in Figures 5.3 and 
5.4. After 1500 s, as shown in Figure 5.3, both T7 and T8 were fluctuating with their 
values close to their respective set points (Ts7, Ts8). As pointed out in Chapter 3, the 
oscillations of T7 and T8 were due to the movement of dough/bread along the 



























Figure 5.3: Closed loop response for Case 5.9 
 
  
Figure 5.4 shows the outputs from the same controller with higher Ts7 (Case 
5.10). The controller failed to maintain the desired oven temperature. When the oven 
became full (i.e. at 1800 s), T7 oscillated between 505-510K and T8 fluctuated 
between 515-535K. There were still large discrepancies between the desired set points 
and the controller outputs. In addition, both MV1 and MV2 went towards the two 
extremes. The system would be destabilized due to the excessive demand on burner 3 
(MV2). Therefore, the simulation was discontinued after 1800 s. 
The inherent nonlinear behaviour of the process was further demonstrated by 
the controller outputs illustrated in Figures 5.3 and 5.4. As a result, dual-mode 


























Figure 5.4 Controller output for Case 5.10 
 
 
5.4.4 Tuning parameters of the controllers 
From Section 5.4.3, it was clear that the process dynamics were very different 
at different baking stages/processing conditions. To optimize the performance of the 
control system, the tuning parameters of the controller should be customized at 
different conditions. 
 
5.4.4.1 Preheating stage (0-500s) 
 During the initial preheating period, the oven was to achieve a steady state 
with zero oven load, controlling the oven temperature during this stage was relatively 
easier. As shown in Figures 5.3 and 5.4, the first controller (FC) can be used to 
achieve this processing condition.  
 
5.4.4.2 Baking stage (> 500s) 
The stable equilibrium in the oven was disturbed as cold dough continuously 
moved into the oven. At this stage, faster and more demanding controller action was 
  70
needed. As shown in Section 5.4.3.1, the PI tuning parameters obtained from the 
nominated step tests were only suitable for the processing condition where the back 
oven temperature was higher (e.g. Case 5.9). Another set of tuning parameters was 
required to achieve the set points in Case 5.10.  
As shown in Figure 5.4, at 1800 s, T7 and T8 settled down to around 508K and 
525K respectively. T7 was 42K lower than Ts7, while T8 was 5K higher than Ts8. It 
was clear that the controller was out of tune. All controlling action were highly 
burdened onto MV2. MV1 was not sensitive to the highly positive Er7, but it was 
reduced in response to the small negative Er8. MV2 was responding to both Er7 and 
Er8. It was increased in response to the high positive Er7, but the rate was slowed 
down by the negative Er8. 
To improve the controller performance under this processing condition, MV1 
should be more sensitive to Er7 and less dependant on Er8. To achieve this, a second 
controller (SC) was designed. In the second controller, the controller gain (Kc) for 
Co17 and integral time (τI) for De18 were doubled; whereas Kc for De18 and τI for Co17 
were halved.  
  
5.5 Controller performance assessment 
 Both controllers (FC & SC) were set up and integrated into the CFD model as 
shown in Figure 5.2. In this section, the controller performance is assessed by the 
controller outputs at different set points (Table 5.4). Cases 5.11-5.13 were set up and 





Table 5.4 Controller set points for Case 5.11-5.13 
 First Controller (FC) 
Second Controller  
(SC) 
Case 5.11 Case 5.12 Case 5.13 Simulation Time (s) 
Ts7 Ts8 Ts7 Ts8 Ts7 Ts8 
0-500  550 550 550 550 550 550 
500-750 540 550 550 550 530 550 
>750 540 580 550 520 530 500 
 
5.5.1 Preheating stage (0-500s) 
 FC was used to control T7 and T8 at the empty oven condition. Starting from 
300K, both controlled variables (T7, T8) settled to the first set point (Ts7 = Ts8 = 550K) 
in 250 s. From the plot of MV1 and MV2 (Figure 5.5(a)-(c)), it can be observed that 
the controller first responded by increasing energy supply to the burners, which 
caused an overshoot to around 580K in both T7 and T8. The MVs reduced gradually 
until T7 and T8 settled to Ts7 and Ts8. 
  
5.5.2 Baking stage (After 500s) 
 
 As discussed in Section 5.4.1, when the cold dough moved further into the 
oven, the set point was changed in different cases. At this stage, the system had to 
respond to two factors: a set point change and the disturbance from cold dough.  
 
5.5.2.1 First controller (FC) under processing condition where Ts7 < Ts8 (Cases 5.9 & 
5.11) 
FC was first tested successfully in Case 5.9, as shown in Figure 5.3. Figure 
5.5(a) shows FC’s output when Ts7 and Ts8 were set at higher values (Case 5.11 in 
Table 5.4). After the second set point change at 500 s, T7 took 750 s to settle down to 
a region near Ts7. Faster response was observed in T8, it took only 200 s to settle 
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around 580K. More disturbances were experienced in the region close to sensor 7 as 
compared to sensor 8. As observed in Figure 5.6, the temperature gradient between 
the cold dough/bread and the surrounding air was greater at sensor 7. Therefore, T7 
required more time to control and to settle to the new equilibrium.  
In addition, the control action was evenly distributed between burner 3 and 
burner 4. MV1 and MV2 closely complemented each other to bring T7 and T8 up to 
their respective set points, as shown in Figure 5.5(a).  
 
5.5.2.2 Second Controller (SC) under processing condition where Ts7>Ts8 (Cases 
5.12 & 5.13) 
 The closed loop response of SC under two different sets of set points are 
shown in Figure 5.5(b)-(c). The controller performed satisfactory in both cases. In 
Case 5.12, T7 and T8 took 550 s and 350 s to settle to the second Ts7 and Ts8, 
respectively. Similarly, in Case 5.13, T7 and T8 took 600 s and 400 s respectively.  
 In the SC, the degree of oscillation in T7 and T8 was reduced. From the 
schematic diagram of the oven (Figure 5.1), cold dough first passed through sensor 7 
before reaching sensor 8. A higher front oven temperature (T7) increased the surface 
temperature of cold dough/bread. The half-baked bread entered the back oven with a 
higher temperature. In addition, T8 was now set at a lower Ts8. Therefore, the 
temperature difference between T8 and the dough/bread would be greatly reduced. As 
a result, less oscillation was observed in Cases 5.12 and 5.13 as compared to Cases 
5.9 and 5.11.    
 Compared to the output of Case 5.10 (Figure 5.4), in the SC, MV1 dominated 
over MV2 to establish a higher T7. In this case, MV2 was not highly overloaded, and 

















































































(c) Case 5.13 






















Zone 1 Zone 2 Zone 3 Zone 4  
Figure 5.6. Temperature difference between the surrounding air temperature and the 
average surface temperature of bread across 4 baking zones  
 
5.6 Conclusions 
A method to integrate a process control system into the CFD model has been 
presented. This system outperform the traditional controller design methods. Firstly, 
the impact of the controller output is not only limited to particular parameters or 
particular sensor points. All information on fluid flow (velocity, temperature, 
pressure, etc) is calculated by the simulation tool. In addition, information is available 
for any position in the modelled system. With the establishment of this monitoring 
tool, user can gain a better understanding of the system. Subsequently, this knowledge 
is very beneficial to controller design.  
In this study, the inherent nonlinearity of the system was confirmed by 
multiple step tests. With this understanding, the dual-mode controller was designed to 
suit different processing conditions. Both modes displayed satisfactory controlling 






Chapter 6  
 
Development of a 3D CFD Model 
 
6.1 Introduction  
 
 Understanding of the baking process and the heating conditions in the oven 
has been achieved to certain extents in the previous chapters. The two-dimensional 
(2D) model was capable of producing a reasonable prediction of the temperature 
profiles at the surface of bread.  
However, the actual industrial baking oven system is three-dimensional (3D), 
and the fluid flow is in 3D pattern that should be able to be simulated more accurately 
by a 3D model than a 2D model. For example, the 2D simulations were not capable of 
providing a complete picture of the process as the velocity field was three-
dimensional (3D) in nature (Grijspeerdt et al., 2003). In addition, one major drawback 
of the 2D model was that it lacked capability to reproduce the experimental air flow 
and temperature trends in the restricted region between two neighbouring bread tins 
(i.e. sensor 5 in Figure 3.3). This was due to the channelling effect caused by small 
openings in any 2D configuration.  
Therdthai et al. (2004) developed a three dimensional (3D) dynamic model 
with moving grid for the same baking oven. Their 3D model could describe the 
dynamic response of the temperature profiles at different monitoring positions. 
However, due to the limitation of the software used, the oven configuration had to be 
simplified. In their study, the U-turn was ignored and the top and bottom sections of 
the moving track were separated into two independent tracks. The top cold-dough 
pieces moved towards the back of the oven and then out of the oven. After that, hot 
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dough, which was 50% baked, moved in via the bottom track towards the front end of 
the oven. Although this model was proven to be effective, it had inherent drawbacks. 
Rigorously speaking, the simplified process was no longer continuous.  
To overcome the limitations of the above-mentioned models, a 3D CFD model 





 The industrial baking oven focused in this study has the dimension of 16.50m 
(length) x 3.75m (height) x 3.65m (width), schematically shown in Figure 6.1. Inside 
the baking oven, the geometry varies in a repeating manner along the width direction, 
i.e. each subsection of the oven as shown in Figure 6.1, has similar geometry. Thus, 
the baking oven is translational periodic with the cycle of bread tins along the width.  
To cut back on the number of cells required for this phase of the study, it is 
reasonable to assume that the flow pattern repeats in successive subsections. 
Therefore, only selected translational periodic zones of the overall oven system were 
used in the 3D CFD model (Figure 6.1). To illustrate the 3D geometry, a periodical 
subsection of the oven with a width of 0.87m (shown as “x m” in Figure 6.1) is 
described in the following. This subsection can be replicated to make up the whole 
system by rigid translation along the width direction. 
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Figure 6.1 Schematic drawing of the oven and the regions for 3D model.  
 
 Different views of the 3D model’s geometry are shown in Figures 6.2 and 6.3. 
Figure 6.2(a) shows a full (isometric) view of the model. A side view is shown in 
Figure 6.2(b). A front view of the model, which is very similar to the 2D geometry 
(Figure 3.2), is shown in Figure 6.3(a). A top view is shown in Figure 6.3(b).  
The oven geometry was translational periodic along the width direction, thus, 
symmetric conditions were applied to both sides of the model in the width direction. 
As shown in Figure 6.2(b), the left and right walls were considered as symmetric 
planes, i.e. zero flux of all quantities across these boundaries. The separator was a thin 
plate which helped reducing the direct radiation from the hot burner’s surface to the 
surroundings. It had a thickness of 5mm. As shown in Figure 6.4, all the different 
elements (fans, ducts, burners, separators and tubes) extended over the whole oven 
width. 
x m 
1 2 3 4
Periodical subsection (1 - 4) 
Periodical subsection 
modelled (2) 
3.65 m (width) 
16.50 m (length) 
3.75 m 
(height) 
Bread in  
Bread out  
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The 2D model established in Chapter 3 formed a basis for developing the 3D 
model. In the 2D model, some simplifications were made to accommodate the 2D 
platform. These included the geometry simplification for the convection fans and the 
heating tubes between the ducts. The 3D model could reflect better the actual setup in 
the industrial oven.  
In the 2D model, the tubes between the ducts were simplified as an array of 
circular objects (Figure 3.2). This was necessary to allow hot air to flow through the 
space between the tubes. However, in the actual industrial baking oven, the tubes 
were used to transport hot air from the duct inlets to the duct outlets. Arrangement of 
the tubes on the duct surfaces is shown in Figure 6.2(b). Compared to the geometry of 
the 2D model, the 3D configuration (Figure 6.4) had a greater tube surface area, 
which might increase heat transfer. Air circulated around the tube surfaces through 
the “zig-zag” space between neighbouring tubes. 
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(a) Isomeric view (b) Side view 
Figure 6.2: (a) Isomeric view and (b) Side view of the 3D oven geometry 
Bread 
Fan 
Heating elements  
(Ducts, tubes & burners) 
Separator 






Heating elements  
(Ducts, tubes & burners) 
Separator 
Outer wall & conveyor track 
Bread moving direction 
(Dynamic Mesh) 
(b) Top view 
Figure 6.3: (a) Front view and (b) Top view of the 3D oven geometry 
(a) Front view 
Initialization zone 
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Figure 6.4: Configuration for Zone 3 & 4 
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In the 2D model, the fan blocks were modeled as T-shaped objects which 
promoted mainly local air circulation. However, in the industrial system, the fans 
drew in hot air from regions below the separator. Then, the hot air travels up a spine 
(outside the oven) (Figure 6.2(b)) and eventually dissipates into the oven through two 
outlets slightly above the tubes in zones 3 and 4.  
 The configuration of the fans in the 3D model is shown in Figure 6.5. It had an 
inlet at the bottom which would draw in hot air from the regions below the separator 
and around the burner. The spine was located outside the oven chamber (Figure 6.2-
6.4), and it did not block any air flow inside the oven. The fluid continuum represents 
the original fan which drove the air flow inside the spine. The velocity of the air flow 
inside the fluid continuum (Figure 6.5) was fixed at a constant value, so that the air 
velocity at the two outlets was 5 m/s (the same as the online measured value), 
according to the fan capacity. The airflow directions inside the fan are also shown in 




Figure 6.5 Fan geometry 
 
6.3 Model Setup 
6.3.1 Material properties 
Similar to the 2D CFD model, dough/bread was considered as solid material 
with a constant density of 327.2 kg/m3. Heat capacity and thermal conductivity were 
set up in accordance to temperature during baking. The settings are listed in Table 6.1.  
The significant roles of the physical property settings were justified in Chapter 
4. Therefore, extra care should be taken when setting up these values so as to 
minimised the error generated from the setting itself. Compared to the 2D model, the 
3D model had greater heat exchange surfaces. Thus, the thermal conductivity of bread 











settings were 20% lower than those specified in the 2D model (Table 3.1).  
Table 6.1 Cp and k of bread as functions of temperature (piecewise linear) 
Temperature (oC) Heat Capacity , Cp (J/kg K) Thermal Conductivity, k (W/m K)
28 3080 1.02 
60 2550.6 0.46 
120 1774.3 0.20 
227 1514.1 0.19 
 
 Similar to the 2D model, the absorption coefficient of all solid material were 
set as 10000. For air, 0.75 was used. 
 
6.3.2 Solver settings 
 Segregated unsteady state solver was used to solve the governing equations of 
momentum, mass and energy (Eqs. 2.5 – 2.7) conservations and the turbulence kinetic 
energy equation sequentially. Radiation was modeled using the DO model (Eq. 3.2). 
Turbulent flow was modeled with the standard k-ε model.  
 
 
6.3.3 Boundary conditions 
  
The outermost left and right walls (Figure 6.2(b)) were symmetric planes; 
there were zero flux of all quantities across the symmetry boundary.  
An internal wall temperature boundary condition was applied to the top lids of 
the bread tins.  A UDF was used to determine the temperature of the wall at different 
locations. When the dough was outside the oven, the wall temperature was set as 
40oC, which was equivalent to the temperature of proved dough pieces. As it moved 
towards the oven entrance, at 1.4 m from the entrance, the wall temperature was set at 
95oC. After the dough entered the oven, this temperature was taken as the average 
temperature of the cells right above and below the wall surface. Heat flux to the 
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internal wall from fluid cells was computed by Eq. 3.3. 
A fixed surface temperature condition of 673K was applied to the wall of the 
burners. Heat flux to the burner wall from fluid cells was also computed by Eq.3.3. 
Convective heat transfer boundary condition was applied to all oven outer walls, duct 
surfaces and heating tubes. Heat flux to the wall was computed by Eq. 3.4. hext was 
estimated to be 100 W/m2K at the duct inner surfaces (Therdthai et al., 2003) and  0.3 
W/m2K at the outer walls (Therdthai et al., 2004). 
 
 
6.4 Modeling approaches 
 
6.4.1 Sliding mesh 
 
Similar to the setup in the 2D model (Chapter 3), sliding mesh approach could 
also be used in the 3D model. The oven could be divided into two parts; then the 
bottom part could be flipped and aligned along the traveling track with the top part 
(Figure 3.2). The cutting interfaces could be linked by periodic boundary conditions. 
Change in the direction of the gravitational force caused by flipping could be handled 
by using user define function (UDF) to redefine the body force. 
Sliding mesh could have successfully simulated the continuous movement of 
dough/bread, however, it would ignore some motion details of the bread tins. For 
example, after the U-turn, direction of the dough/bread movement reversed within one 
single tray (Figure 6.6(a)). On the upper track, bread/dough moved along the positive-
x axis direction with the 1st bread leading. After the U-turn, on the lower track, 
bread/dough changed direction and moved along the negative-x axis direction, with 
the 4th bread leading.  Sliding mesh would fail to simulate this motion pattern in 




6.4.2 Dynamic mesh 
Dynamic mesh approach can be used to model the exact U-turn movement of 
bread (Figure 6.3(a) and Figure 6.6(a)).  A UDF can be used to customize this motion, 
such that the bread will change their moving directions when they are at the corners in 
the conveyor track as shown in Figure 6.3(a).  
 Mesh quality is important for every CFD modelling. As the bread moves, if 
the displacement is large compared to the local cell sizes, the cell quality can 
deteriorate or the cells can become degenerate (negative cell volumes). This will 
invalidate the mesh and consequently, will lead to convergence problems when the 
solution is updated to the next time step (Fluent, 2002a). To circumvent this problem, 
remeshing can be done. The software agglomerates cells that violate the skewness or 
size criteria and locally remeshes the agglomerated cells or faces. If the new cells or 
faces satisfy the skewness criterion, the mesh is locally updated with the new cells 
Figure 6.6 Bread/dough movement near the U-movement zone 
(b) Sliding mesh model
3rd  2nd  1st   4th   3rd  2nd  1st  4th  3rd  2nd  1st  4th   
3rd 2nd 1st4th 3rd 2nd 1st4th
3rd 2nd 1st4th
3rd 2nd 1st4th3rd 2nd 1st4th
(a) Actual movement
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(with the solution interpolated from the old cells). Otherwise, the new cells are 
discarded.  
 In addition, time step size for the simulation should be small. The choice of 
time step is based on the finest mesh in the moving zone, the displacement of the 
mesh vertices at each time step should not exceed this mesh size. Small time step size 
also enables the smooth motion of bread inside the oven. In the UDF, bread’s location 
at the eight corners during the start-up was marked as the reference position where 
bread would undergo a change in the moving direction. If the time step size was too 
large, the bread might not landed in the exact reference positions before the change of 
the moving direction. This lack of coordination would have serious consequences as 
bread might “clashed” onto the neighbouring block and invalidate the mesh (negative 
mesh cell). 
  The sliding mesh approach used in the 2D model (Chapter 3) required the 
dough to “standby” outside the oven. The bread mesh would be of no use once it 
moved out from the oven, in this case, the amount of mesh spent on the bread and 
track would be high as long track of dough/bread was required for one baking cycle. 
Dynamic mesh helped to cut down the mesh sizes as the meshes could be reused, i.e. 
the total number of dough/bread in the model was 50. The bread leaving the oven 
could be reinitialized (Figure 6.3(a)) and subsequently refreshed as freshly proved 







6.5 Mesh generation and considerations 
When a 2D model is extended to a 3D model, the corresponding mesh size 
increases by at least 25-40 times. For example, a square (2D) having 20 face mesh 
elements, when extended to a cube (3D), it will have 6 surfaces (with 20 face mesh 
elements each) and a volume mesh (inside the cube), and this could add up to 
≈20×6×6 ≈ 720 cells. Similarly, for the whole oven geometry, the 2D geometry added 
up to a total of 278,942 cells (Chapter 3), and there could be up to 5 to 10 millions 
cells if the geometry were extended to 3D. In addition, if more details were to be 
modeled in the 3D configuration, the mesh sizes could be far beyond 10 millions. 
With the complication from the baking mechanisms, boundary conditions and various 
other models, this “ideal” simulation would be too much a burden for the computation 
system. Therefore, it is important to control the number of cells so that the 
computation time is manageable. 
 As shown in Figure 6.7, there were a total of 12 bread blocks along the width. 
It was not possible to include all bread blocks in the simulation, thus, only a section of 
the oven was modeled (i.e. “x m” in Figure 6.1(a)). The simulation result from this 
section should be representative of the whole oven.  
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Adiabatic wall boundaries 
Model I 
(The left-most wall also 
applied to Model II, III)
Model II, III only 
Figure 6.7 Illustration of 12 trays of bread along the whole oven’s width
Dough/ bread 
moving direction 
 Total Width  
= 3.53 m 
Width (Model I)  
= 0.87m 
Width (Model II, III) 
= 0.28 m 
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6.5.1 Three preliminary models 
To estimate the simulation time, three models with different modeling 
approaches and width were created (Table 6.2). Model I used dynamic mesh modeling 
with 3 bread blocks along the width. This configuration simulated the actual 
movement of dough/bread in the oven and also enabled the understanding of the air 
flow pattern between neighbouring bread blocks along the z-axis (width). Model II 
was similar to Model I with a smaller width (x). Only 1 bread block along the width 
was included, and the mesh sizes were reduced by 68%. Model III was similar to the 
2D model (Chapter 3), and sliding mesh model was used. 
All faces were first meshed with non-uniform unstructured triangle mesh to 
obtain a better partial resolution. TGrid (Fluent, 2002b) was used to generate the 
volume mesh, the mesh consisted primarily of tetrahedral mesh elements but it might 
also contain elements that possessed other shapes.  
 
6.5.2 Bread meshes 
The bread block, which comprised a large part of the model, was configured in 
five types of geometries (Figure 6.8) in different models. This was necessary to 
optimize the balance between the total mesh elements and the solution accuracy 
around the monitoring points.  
In Model I, three bread blocks along the width were modeled. Configurations 
in Figure 6.8(a)-(c) were included in Model I. Configuration in Figure 6.8(a) mimics 
the exact industrial bread block, it enables the understanding of the air flow pattern 
between neigbouring bread blocks along the z-direction. However, it is very “mesh-
demanding”. The maximum width between two neighbouring blocks was 0.015m. To 
avoid the generation of degenerated mesh between any two blocks, meshes around 
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this end should not exceed 0.015m. The total number of cells for this block was 
approx. 45078. This configuration was used for the traveling tins with attached 
sensors, and some bread blocks surrounding them.  
In Figure 6.8(b), along the z-direction, three bread blocks were combined. The 
narrow distance between two neighbouring bread was simplified. This was a semi-
simplified configuration, only the space between bread blocks in the x-direction was 
modelled. By removing the narrow z-direction distance, the mesh was reduced by 
40% compared to the configuration in Figure 6.8(a). It was used for bread blocks 
neighbouring to the configuration in Figure 6.8(a) to ensure a smooth transition from 
fine to coarse mesh.  
The third configuration modeled 12 bread blocks as one volume (Figure 
6.8(c)). By removing all the narrow gaps along the z and x-directions, the mesh was 
reduced by 93+% compared to the configuration in Figure 6.8(a). These were used for 
bread blocks that were far away from the block with moving sensors. These blocks 
were of little importance, however, they must be present as a heat absorbing object.  
In Models II and III, only 1 bread block along the width was modeled. 
Configurations in Figure 6.8 (d) and (e) were included in these models. These two 
configurations were the reduced version of those in Figure 6.8(a) and (c) respectively. 





Figure 6.8 Bread geometry  
((a) exact industrial block; (b)semi-simplified block; (c) lumped block; (d) industrial 
block with 0.28m width; (e)lumped block with 0.28m width) 
 
 
6.5.3 Mesh Quality 
 
The mesh quality was checked by the EquiAngle Skew (QEAS), as defined in 
Eq. 3.1. A poor quality grid will cause inaccurate solutions and/or slow convergence. 
The minimum EquiAngle Skew should not exceed 0.85 (Fluent, 2002b). The mesh 








models were normally distributed, with 35-40% of the mesh with 0.3-0.4 skewness, 
and less than 1% of the mesh had a skewness of 0.8-0.85. There was no cell with 



























Figure 6.9 Mesh quality of Models I-III 
 
6.5.4 Time Step Size 
As mentioned in Section 6.3.2, dynamic mesh models have inherent constraint 
on the simulation time step size. The minimum length scale (cell size) in Model I was 
0.00574 m, the speed of the conveyor belt was 0.022 ms-1. Therefore, 0.2 s was 
chosen as the time step, which was equivalent to 4.4×10-3 m displacement per time 
step. The sliding mesh model allows adjacent grids to slide relative to one another, the 
grid faces do not need to be aligned on the grid interface (Fluent, 2002a). Therefore, 
larger time step was allowed in Model III, and this could significantly reduce the 
simulation time.  
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Table 6.2 Parameters of different 3D models 
 
 I II III 
Description U-turn enable, 
Dynamic mesh




Width (x) (mm) 0.76 0.28 0.28 
(a) 14 - - 
(b) 22 - - 
(c) 64 - - 





6.8) (e) - 76 81 
Total number of cells  3050745 991824 486867 
Time step size (s) 0.2 0.2 1 
Number of time steps 9000 9000 1700 
Number of CPUs used 1 1 3 
Estimated run time (days) >1000 208 116 
 
 
6.6 Preliminary analysis of run time 
To examine the practicability of the different modeling approaches available, 
all three models were setup and their run time was estimated (Table 6.2). 
 Parallel processing is another option that makes the solver run faster. It 
virtually means splitting a job to two or more small partitions, hence taking less time 
to complete and thus cut down the total time to obtain a solution. The availability of 
parallel processing makes large scale jobs doable. Large scale jobs, which are 
impossible to be processed on a single CPU due to the restriction of hardware (i.e., 
RAM, disk space) and simulation time, can become doable after being segmented to 
many small partitions which could then be handled by many CPUs. However, the 
parallel efficiency decreases as the number of compute nodes increases. It is often 
difficult to divide a program in such a way that separate CPUs can execute different 
portions without interfering with each other. 
Sliding mesh can be easily parallelized by partitioning all the sliding meshes 
in one compute node. Dynamic mesh, due to the complicate moving boundary, 
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remeshing and auto repartitioning problems, cannot be yet handled properly by the 
Fluent software; thus it can only be run in serial (i.e. one CPU).  
From Table 6.2, an estimation of the total run time for the three models clearly 
indicates that Models I & II are not doable, as it takes more than/almost one year to 
complete one simulation. The simplified sliding mesh model (Model III) required 
approximately 4 months to complete. Although this simulation time is still 
demanding, however, it is the most practical solution. After few trials, this model was 
used subsequently. 
 
6.7 Results & discussion 
6.7.1 Verification with experimental data 
 
The effectiveness of the 3D CFD model was evaluated by comparing 
simulated profiles with the experimental data collected online (Therdthai et al., 2003). 
Similar to the 2D simulation (Section 3.2.3), five monitoring points were placed on 
the 3rd bread block in the 7th bread tray fed into the oven (Figure 6.10). Sensors 9 to 
12 measured the top temperature (Top T), side temperature (Side T) and bottom 
temperature (Bottom T), respectively. Sensor 13 measured the air temperature (Air T) 
and velocity (Air V) between two bread blocks (in x-direction).  
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Figure 6.10 Locations of the moving sensors for dough/bread tray with fine mesh  
 
The simulated temperature profiles were compared with the measured data in 
Figure 6.11(a)-(f).  In general, the pattern of the 3D CFD model predicted temperature 
profiles agreed well with that of the measured ones. However, the simulated profiles 
did not reproduce the measured profiles exactly.  
Similar to the 2D model, better prediction was obtained at positions near the 
dough/bread surfaces than that at the centre. This was due to the absence of detailed 
baking mechanisms inside the dough/bread (i.e. the evaporation-condensation 
mechanism).  
 The 3D model enabled better simulation of the velocity field and air flow 
pattern. As shown in Figure 6.11(e)-(f), Air T and Air V were better predicted in the 
3D CFD model. There was an improvement of 30% and 19% in RMSE, for the air 
velocity and temperature respectively, compared to the previous 2D model (Table 








































































































































   (e)       (f) 
 
Figure 6.11 Measured (experimental) and modeled temperature and velocity profiles. 
(a)-(e) temperature profiles from sensors 9-13; (f) velocity profile from sensor 13. 
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Table 6.3 Comparison of the correlation coefficient (R) and root mean square error 
(RMSE) obtained from the 3D, 2D continuous models and the model by Therdthai et 
al. (2004). 
 
    Top T Side T Bottom T Dough T Air T Air V 
R 0.9427 0.9591 0.9370 0.9601 0.6614 0.5918Continuous 
Model (3D)   RMSE 21.95 24.26 19.12 8.34 25.71 0.191 
R 0.9442 0.9574 0.957 0.9586 0.351 0.299 Continuous 
Model (2D) RMSE 11.75 16.38 16.08 8.94 31.78 0.272 
R 0.9132 0.9065 0.9065 - - 0.6019Therdthai et 
al. (3D) RMSE 11.88 16.79 16.64 - - 0.0336
 
The correlation between the experimental and modeled data sets was 
calculated (Table 6.3). The RMSE values for the dough/bread’s surface temperatures 
(Top T, Side T and Bottom T) were higher than those obtained in the 2D model, with 
an average difference of 7 (approximate). For all the sensors inside the bread domain, 
the correlation coefficient (R) was above 0.93.  
As shown in Chapter 4, the effect of the physical property setting of 
dough/bread reduced as the sensors moved further away from the dough/bread center. 
In establishing this 3D model, measures were taken to avoid large errors from the 
physical property settings. The heat conductivity of dough/bread was reduced by 20% 
(compared to the 2D study) to account for the increase in the available heat sources. 
However, as observed in Figure 6.8(a)-(d), the dough/bread still had an overall high 
temperature in zone 2 and 3. Further investigation should be carried out to fine tune 
the physical property settings in the 3D model. 
 
6.8 Limitations of the current model and suggestions for further improvement 
In the previous section, a preliminary model was established. The model 
produced reasonable results. However, more studies are required to further improve 
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the model. The performance of the 3D model might have been limited by the 
following factors: 
• In the third configuration, the lumped bread blocks (Figure 6.8(c)) blocked the air 
flow channel between neighbouring bread blocks. In the current 3D model (Model 
III), only 19% of the bread block were configured as 4 separated bread tins (Type 
A/B in Figure 6.8(a,b)), the other 81% were simplified as one single bread block 
(Type C in Figure 6.8(c)). The air flow pattern inside the oven was affected as 
blocks of type C moved into the oven after blocks of type A. it can be observed 
that the temperatures did not reduce as much as they should be as bread was near 
the outlet (Figure 6.11). This was due to the absence of the many air flow 
channels in blocks of type C in zones 1 & 2 (Figure 6.8(c)), which had resulted in 
higher temperature accumulation in zones 3 & 4 (the lower part of the oven). 
• Compared to the 2D model (Chapter 3), the simulated 3D model had a higher 
average temperature inside the oven. The 3D model had larger number of tubes, 
thus, the rate of heat convection increased. In this case, the boundary conditions 





The 3D model established was an effective model. It served as a testimony that 
highlighted the difference in the simulation results between the 3D and 2D domains. It 
successfully overcame the limitation of the 2D model, predicting the air temperature 
and velocity much better. However, due to the limitation in the computational 
resources and long simulation time, the study on 3D models was limited to only one 




Chapter 7  
 





This thesis presented an innovative CFD modelling approach to overcome the 
difficulties brought by the geometry of the modelling object/process. A 2D CFD 
modelling method for the continuous baking process with U-turn movement in an 
industrial oven has been developed. Using sliding mesh and segregated unsteady state 
solver, the model was developed by modifying the oven geometry to deal with the 
difficulties brought by the U-turn movement. The CFD model is capable of producing 
a good prediction of the temperature profiles at the surface of bread, even better than 
the existing 3D model (Therdthai et al., 2004).  
The fundamental studies on the robustness of the CFD model to the physical 
property settings have highlight the difficulty of direct application of CFD to food 
processes. It has also demonstrated the important role of physical property settings in 
all CFD simulations. The integration of process controller with the CFD model was 
successful. This value-added CFD model presents as another exciting field to the 
potential application of CFD.  
The 3D model highlighted the difference in results obtained from 2D and 3D 
models. It has successfully overcome the limitation in the 2D model. However, the 
simulation time frame for a single 3D CFD simulation is equivalent to more than 8 
cases of 2D CFD simulation. 2D simulation is more manageable, it is an excellent tool 
that aid in the understanding of the physics of the flow, the baking mechanisms, the 
capability of the CFD model, and etc. With sufficient understanding from the 2D 
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model, high quality 3D model can be built up in shorter time. In our current model, 





 The model presented in the thesis can be considered as a macro model. 
Modelling emphasis was placed on the oven heating conditions and the surface of 
bread/dough. At this macro scale, CFD model was proven to be effective.   
 More study can be done on this macro track. It is a well established fact that 
radiation is one of the most important modes of heat transfer in baking. However, less 
is known about the exact mechanisms (e.g. wavelength, absorption, scattering effects, 
etc). With the 2D model, a detailed radiation analysis and its effect on flow field can 
be established. An exciting development will be to integrate feedback controllers into 
the refined 3d model.  
 In addition, this is a study that is based purely on one set of experimental/ 
industrial data. More experiments and measurements are required to further the 
current scope of the study. One possible suggestion will be sensor array optimization.  
 The next advancement will be the modelling at the micro scale. Due to the 
absence of an evaporation-condensation model, the current CFD model could not 
exactly simulated the temperature profile at dough center. An evaporation-
condensation model is essential to the understanding of many other chemical or 
physical changes that took place during baking. Upon the successful incorporation of 
evaporation-condensation model, more simulations can be done to achieve better 
understandings on the chemical/mechanical properties of the dough/bread. In 
addition, there is also a possibility to simulate the formation of protein gel network 
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and gas cells with the particle tracking and dynamic mesh tool available in the Fluent 
software.  
 Besides, CFD can be used as a tool to monitor the development of an 
evaporation-condensation model. In this study, the incorporation of the evaporation-
condensation mechanism (ECM) was limited by the unavailability of a good ECM 
model. Therefore, it is suggested that CFD can be used in the model development 
process. It can help in the verification of the performance of any new ECM model, 
and also the identification of the corrections in various terms of the ECM model as it 
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Table A1: Experimental measured data during baking (from Therdthai, 2003) 
 












0 33.92 29.9747 32.03105 33.19564 22.43609 0.015612
30 33.92 66.4574 49.38625 45.74584 70.85904 0.000121
60 33.16 102.167 65.26204 44.37553 156.7446 0.008159
90 32.78 116.420 81.58318 56.58318 189.5247 0.081048
120 32.78 124.904 97.28965 67.28965 200.3387 0.061106
150 33.16 129.533 111.4836 76.48355 217.2519 0.139782
180 33.16 132.234 121.5399 84.53991 210.7124 0.292668
210 33.16 139.159 129.51 89.50998 221.8649 0.210325
240 33.16 142.655 134.3748 93.37484 217.2519 0.16099
270 33.54 144.563 143.0437 101.0437 217.6365 0.151147
300 33.16 147.266 151.3567 108.3567 227.2432 0.25314
330 33.54 149.968 155.0524 111.0524 232.6175 0.219543
360 33.54 153.829 163.5113 115.2899 238.3709 0.181744
390 33.59 156.532 163.8977 119.1435 231.4662 0.134892
420 33.97 157.304 164.284 127.2397 225.3229 0.183902
450 33.97 155.396 163.92 128.0333 229.547 0.284608
480 34.37 156.168 164.6927 130.3473 228.3952 0.272457
510 34.78 156.940 165.4654 129.5759 221.4806 0.275987
540 34.78 156.554 166.2381 130.733 223.402 0.271329
570 35.19 156.963 167.0331 132.684 226.4974 0.268737
600 35.97 158.893 167.4194 135.3844 234.558 0.173651
630 36.76 161.618 167.828 140.0367 230.7208 0.134504
660 37.93 163.548 168.2144 138.8791 218.4499 0.173849
690 39.5 162.049 168.259 138.5379 217.6809 0.142272
720 41.43 160.504 168.259 136.9946 217.7032 0.11542
750 43.74 158.233 168.3036 136.6534 217.3631 0.152002
780 49.97 158.255 169.4849 138.9907 215.8249 0.273553
810 49.97 161.752 170.2798 139.013 219.7144 0.36132
840 53.46 168.745 171.8696 139.8294 228.1889 0.385093
870 58.48 178.030 175.7543 146.7978 227.0813 0.382031
900 63.91 181.161 180.0467 149.158 235.9306 0.477179
930 69.7 182.772 183.2023 150.7688 238.6592 0.479317
960 76.71 188.987 184.7911 173.1958 231.0316 0.769463
990 81.75 185.175 187.1516 167.067 235.3411 0.627274
1020 85.69 183.313 189.1482 167.5199 235.769 0.810979
1050 88.48 182.223 191.5303 166.4293 248.8405 0.502122
1080 90.51 188.461 190.4397 168.8115 237.4584 0.393417
1110 91.77 197.394 192.4358 171.9652 246.3159 0.562376
1140 93.03 203.262 198.3107 177.8411 264.3725 0.569078
1170 93.52 205.277 203.4116 177.159 258.7107 0.442731
1200 94.01 202.285 206.5837 179.9483 257.6529 0.674552
1230 94.93 216.999 211.2953 205.8537 255.088 0.852837
1260 95.04 209.031 212.562 199.4203 247.1645 0.468363
1290 95.58 207.218 212.2884 194.139 268.2706 0.349638
1320 95.74 203.117 208.1857 192.3465 253.4864 0.310749
1350 95.9 200.147 208.6825 187.4478 204.4624 0.052915
1380 96.32 194.115 198.796 181.0273 139.0066 0.4406
1410 95.96 184.610 176.1605 171.1323 85.97597 0.355651
1440 96.4 178.980 168.9786 167.4307 86.13212 0.385401
1470 96.48 176.413 153.272 163.3205 85.09142 0.616559
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Table A2. Temperature of stationary sensors 6-8 during baking (from the 2D 
CFD model) 
 
Time  Sensor 6 Sensor 7 Sensor 8      
0 27.700 28.213 27.449      
30 228.163 254.578 186.284      
60 295.714 297.460 285.749      
90 304.831 301.868 308.773  Time  Sensor 6 Sensor 7 Sensor 8 
120 309.780 315.307 331.370  1260 204.230 224.151 255.238 
150 317.373 326.000 346.078  1290 202.410 223.232 255.186 
180 321.471 329.958 349.527  1320 202.103 219.558 253.825 
210 322.140 330.698 349.440  1350 202.729 219.496 244.001 
240 321.621 330.168 347.817  1380 203.912 223.310 269.431 
270 320.098 328.990 345.803  1410 204.502 223.448 266.474 
300 314.855 328.015 344.570  1440 203.207 223.601 265.026 
330 304.460 327.458 343.632  1470 202.493 224.086 261.514 
360 297.155 326.910 342.716  1500 201.970 223.568 263.196 
390 291.621 326.244 341.762  1530 201.134 222.511 263.653 
420 287.840 325.671 340.858  1560 200.566 221.964 264.834 
450 281.943 324.863 340.041  1590 200.519 220.120 266.312 
480 275.861 323.121 339.365  1620 199.941 218.799 265.791 
510 272.639 319.173 339.031  1650 198.179 218.182 263.958 
540 267.255 311.892 338.582  1680 198.570 218.821 260.765 
570 262.906 304.885 337.741  1710 197.994 218.577 256.169 
600 260.459 298.227 336.988  1740 198.431 219.380 254.711 
630 258.279 293.380 336.130  1770 199.039 218.484 251.279 
660 256.737 291.137 335.337  1800 199.541 218.130 249.666 
690 254.195 287.989 334.571  1830 200.208 218.052 250.586 
720 251.535 285.260 333.851  1860 200.597 218.249 254.153 
750 247.369 279.978 332.265      
780 244.319 275.803 326.161      
810 239.925 270.408 311.385      
840 235.354 263.862 299.740      
870 230.882 257.152 289.274      
900 226.041 250.712 283.934      
930 222.802 245.658 278.374      
960 218.607 238.842 264.571      
990 215.943 235.090 263.865      
1020 212.465 231.524 259.882      
1050 210.743 229.605 257.555      
1080 210.163 230.025 256.918      
1110 209.682 228.886 258.664      
1140 207.955 227.116 257.430      
1170 207.559 226.577 256.340      
1200 206.434 225.890 256.845      
1230 205.429 224.607 254.409      
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Table A3. Temperature from sensors 1-5 during baking (from the 2D CFD 
model) 
 
Time Dough T Top T Bottom T Side T Air T Air Velocity 
0 33.989 62.351 36.134 37.625 198.363 0.43928 
30 34.002 81.033 46.595 48.109 251.292 1.02952 
60 34.043 94.471 54.573 55.098 223.269 0.55247 
90 34.138 103.759 60.455 59.375 201.657 0.28605 
120 34.329 110.002 68.623 61.571 182.381 0.13653 
150 34.651 114.323 78.838 62.548 171.532 0.09723 
180 35.121 116.798 90.710 65.290 174.771 0.08618 
210 35.737 122.290 99.550 67.633 194.401 0.13674 
240 36.483 127.903 107.770 70.696 197.897 0.13280 
270 37.342 133.324 115.630 74.469 201.814 0.14576 
300 38.296 137.326 124.263 77.624 185.478 0.07706 
330 39.331 138.721 133.793 83.269 195.865 0.32432 
360 40.433 143.227 140.650 85.077 209.198 0.12758 
390 41.593 145.616 147.288 89.334 161.569 0.03312 
420 42.802 151.425 148.437 92.989 215.774 0.12113 
450 44.054 156.858 151.809 96.284 219.991 0.13117 
480 45.342 161.236 156.182 99.309 219.591 0.12726 
510 46.661 164.482 160.929 102.083 219.996 0.13476 
540 48.007 166.906 166.170 104.390 218.780 0.12999 
570 49.377 167.781 172.826 111.139 168.235 0.05958 
600 50.767 168.783 180.133 120.782 257.605 0.66283 
630 52.179 169.689 185.633 124.939 225.690 0.07399 
660 53.611 171.603 188.615 131.023 243.632 0.27492 
690 55.069 172.905 185.090 132.037 231.602 0.21855 
720 56.558 174.105 179.693 133.311 239.449 0.41262 
750 58.090 172.720 174.481 133.255 200.618 0.34129 
780 59.683 171.715 172.093 133.871 184.050 0.03630 
810 61.354 179.322 171.556 136.295 260.767 0.51626 
840 63.087 191.142 176.922 147.133 298.418 0.60217 
870 64.865 199.474 184.481 152.670 271.187 0.10459 
900 66.673 202.327 190.429 157.845 268.898 1.06189 
930 68.503 202.094 193.112 159.319 212.615 0.09696 
960 70.347 199.695 196.264 162.034 251.266 0.48486 
990 72.204 198.362 199.296 164.220 249.718 0.32497 
1020 74.074 197.541 201.084 166.565 240.336 0.27742 
1050 75.959 197.157 202.196 166.818 226.887 0.11684 
1080 77.860 198.557 203.008 166.736 236.717 0.05468 
1110 79.778 201.408 203.132 168.791 266.120 0.36466 
1140 81.712 204.299 206.176 173.862 253.976 0.57206 
1170 83.659 205.363 209.005 176.807 252.141 1.04387 
1200 85.617 205.335 210.123 177.700 241.877 0.41655 
1230 87.585 204.675 212.162 179.985 248.066 0.45168 
1260 89.559 204.295 214.204 181.709 249.097 0.31018 
1290 91.540 203.198 213.996 181.948 220.016 0.10680 
1320 93.526 200.955 212.835 181.008 205.250 0.03262 
1350 95.520 197.830 210.778 180.298 207.059 0.14303 
1380 97.520 194.067 206.175 177.770 195.471 0.05435 
1410 99.529 190.110 197.925 174.237 192.541 0.03742 
1440 101.545 187.140 191.261 171.818 187.891 0.26745 
1470 103.568 184.179 184.958 169.038 169.564 0.73657 
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Table A4. Design Matrix for Robustness Analysis 
 
 Factor A Factor B Factor C 
Case 1 + + + 
Case 2 - + + 
Case 3 + - - 
Case 4 - + - 
Case 5 - - + 
Case 6 - - - 
Case 7 + + - 
Case 8 + - + 
Case 9 0 0 0 
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Table A5. Average temperatures at each zone for different cases under full oven 
condition 
 
 Top Side 
 Zone 1 Zone 2 Zone 3 Zone 4 Zone 1 Zone 2 Zone 3 Zone 4 
Case 1 62.462 95.164 147.379 168.092 61.531 91.717 123.616 136.380 
Case 2 80.983 134.257 202.597 225.459 77.893 128.947 180.558 201.908 
Case 3 79.915 124.283 184.489 206.538 78.643 120.513 162.627 176.814 
Case 4 85.496 135.496 200.223 220.880 83.659 131.337 178.687 194.637 
Case 5 103.883 179.155 255.743 267.090 98.481 173.926 240.709 257.161 
Case 6 106.219 176.578 250.427 261.356 102.455 171.542 234.550 248.600 
Case 7 68.024 99.823 148.556 166.382 67.730 97.715 127.246 135.580 
Case 8 74.969 122.115 185.910 210.321 72.623 116.991 162.864 182.392 
Case 9 77.266 123.243 185.267 208.495 75.314 118.687 162.750 179.633 
Case 10 80.008 126.322 188.287 210.624 78.296 122.118 166.187 181.929 
         
 Bottom Dough 
 Zone 1 Zone 2 Zone 3 Zone 4 Zone 1 Zone 2 Zone 3 Zone 4 
Case 1 142.102 205.354 222.100 225.200 34.126 35.938 41.644 47.054 
Case 2 174.648 236.211 253.309 249.899 35.168 46.246 79.828 117.084 
Case 3 178.374 233.814 248.823 245.218 34.282 38.207 52.418 64.996 
Case 4 185.878 240.877 255.887 250.732 34.519 41.163 65.770 89.375 
Case 5 199.791 259.746 277.653 268.740 38.742 80.636 189.424 233.904 
Case 6 207.581 261.469 277.247 267.417 36.543 66.134 167.944 208.846 
Case 7 157.594 213.872 228.462 229.130 34.044 34.852 38.137 40.687 
Case 8 165.975 228.215 245.213 243.584 34.678 41.738 62.042 83.569 
Case 9 171.783 230.927 246.942 244.323 34.464 39.958 57.342 74.230 
Case 10 177.342 234.268 249.711 246.129 34.401 39.504 56.951 73.294 
         
 Air Temp Air Vel 
 Zone 1 Zone 2 Zone 3 Zone 4 Zone 1 Zone 2 Zone 3 Zone 4 
Case 1 137.828 186.092 223.516 221.721 0.1162 0.1253 0.2457 0.3068 
Case 2 159.758 215.696 257.068 245.581 0.1122 0.1209 0.2489 0.3110 
Case 3 161.167 212.579 251.729 241.819 0.1108 0.1198 0.2483 0.3105 
Case 4 167.731 220.758 259.111 246.880 0.1105 0.1214 0.2481 0.3096 
Case 5 182.978 243.001 282.694 263.052 0.1102 0.1185 0.2490 0.3059 
Case 6 188.593 244.425 281.335 262.235 0.1087 0.1183 0.2472 0.3037 
Case 7 145.790 193.972 229.095 225.871 0.1133 0.1243 0.2450 0.3070 
Case 8 152.887 207.380 248.750 239.704 0.1129 0.1225 0.2483 0.3120 
Case 9 156.548 209.955 250.197 240.712 0.1118 0.1216 0.2485 0.3117 
Case 10 160.694 213.226 252.772 242.541 0.1111 0.1209 0.2483 0.3107 
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Table A6. Normalized estimated effects (expressed as the % change in the 
temperature or velocity at various sensors in each zone) per 1% change in each 
factor and factor interaction 
 
a) Zone 1 
 Top T Side T Bottom T Dough T Air T Air Velocity 
A -0.89429 -0.82444 -0.54621 -0.17236 -0.49064 0.07893 
B -0.88036 -0.81513 -0.53264 -0.18532 -0.47601 0.08536 
C -0.22465 -0.29157 -0.27308 0.09650 -0.19056 0.07267 
A*B 0.75400 0.69925 0.03869 0.42278 0.26416 0.05334 
A*C -0.14348 -0.09968 -0.15648 -0.20836 -0.05136 0.05131 
B*C -0.14462 -0.10470 -0.15208 -0.21639 -0.05211 0.03660 
A*B*C 0.24485 0.25968 0.02453 0.43485 0.20727 0.08221 
 
b) Zone 2 
 Top T Side T Bottom T Dough T Air T Air Velocity 
A -1.1317 -1.1414 -0.3840 -1.5820 -0.4469 0.0797 
B -1.1148 -1.1228 -0.3764 -1.7147 -0.4328 0.1059 
C -0.0445 -0.0803 -0.0888 0.6057 -0.0932 0.0276 
A*B 0.8500 0.9476 0.0174 3.8074 0.1599 0.0471 
A*C -0.2008 -0.2429 -0.1014 -1.1350 -0.0952 0.0997 
B*C -0.2047 -0.2443 -0.1015 -1.1876 -0.1204 -0.0804 
A*B*C 0.1302 0.2347 0.0013 2.1155 0.0552 -0.0935 
 
c) Zone 3 
 Top T Side T Bottom T Dough T Air T Air Velocity 
A -0.9923 -1.2017 -0.3666 -4.0788 -0.3849 -0.0182 
B -0.9598 -1.1714 -0.3611 -4.2979 -0.3826 -0.0207 
C 0.0428 0.0285 -0.0492 0.8487 -0.0369 0.0133 
A*B 0.4725 0.7705 0.0274 9.3585 -0.0002 -0.0811 
A*C -0.1218 -0.2127 -0.0957 -1.1841 -0.0954 -0.0224 
B*C -0.1196 -0.2004 -0.0929 -0.9445 -0.0960 -0.0072 
A*B*C 0.0225 0.0314 0.0114 0.2764 0.0388 0.0855 
 
d) Zone 4 
 Top T Side T Bottom T Dough T Air T Air Velocity
A -0.8119 -1.1435 -0.2904 -4.2140 -0.2789 0.0146 
B -0.7889 -1.0937 -0.2865 -4.0026 -0.2773 0.0075 
C 0.0758 0.1236 -0.0208 1.0468 -0.0280 0.0154 
A*B -0.0040 0.3706 0.0131 7.1632 -0.0139 -0.1915 
A*C -0.0700 -0.1595 -0.0751 -1.1360 -0.0728 -0.0225 
B*C -0.0619 -0.1351 -0.0729 -0.5149 -0.0690 -0.0321 




Table A7. Average temperatures at different processing time* for three 
stationary sensors  
 
  Sensor 6 Sensor 7 
Time* 1 2 3 4 1 2 3 4 
Case 1 297.8059 234.5868 199.6317 192.7279 324.4794 267.5457 220.8484 213.3318
Case 2 302.6328 251.8553 221.5055 214.3978 325.4996 283.0679 243.3659 235.2368
Case 3 303.1996 252.4884 220.8032 213.4542 325.6830 283.2514 241.9058 233.4133
Case 4 304.3114 256.5027 226.2138 218.9957 325.9216 286.6939 247.3451 238.8903
Case 5 305.9904 264.3667 239.0931 233.7180 326.2406 293.6024 260.9245 254.5056
Case 6 307.1867 267.5403 241.8889 236.1465 326.5145 295.9198 263.0202 256.0410
Case 7 299.9561 240.9805 206.4178 199.3087 324.9855 272.9235 227.0865 219.2304
Case 8 301.4472 247.3272 215.3937 208.2704 325.2524 279.1434 237.2047 229.1660
Case 9 302.2717 249.7447 217.9507 210.7201 325.4550 281.0749 239.4413 231.2040
         
    Sensor  8   
  Time* 1 2 3 4   
  Case 1 342.1765 313.8886 258.6644 250.3684   
  Case 2 343.4133 322.4398 277.6979 269.1660   
  Case 3 343.7267 322.7356 276.6245 267.3378   
  Case 4 344.0136 324.6129 281.2137 272.0048   
  Case 5 344.2913 328.2155 292.8222 286.1790   
  Case 6 344.7376 329.5952 294.5750 287.0594   
  Case 7 342.8682 317.0364 263.9550 255.0966   
  Case 8 343.1069 320.2913 272.5778 264.0171   
  Case 9 343.3909 321.4249 274.4846 265.6087   
 
* Time = when bread was fed into the baking chamber. (1 indicates ¼ of the total 
processing time, 2 indicates 2/4 (½) of the total processing time, and so on) 
 
 
Table A8. Weight factors for Eq (4.4) (Therdthai et al., 2002) 
 
Weight Factor Zone1 Zone2 Zone3 Zone4 
WTi 0.75 1.4 1.0811 1.7889 
WSi 0.4453 0.4219 0.4516 0.3518 
WBi -0.1953 -0.8219 -0.5328 -1.1406 
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1 -16.0200 -175.3300 90.6600 212.8700 129.3300 144.4900
x1 0.2958 0.4572 -0.0510 -0.2227 -0.4306 -0.2348
x2 -0.1712 0.8686 -0.1144 0.5114 -0.9050 -0.1694
x3 0.1290 1.7845 0.2578 -1.0413 1.0399 0.0855
x4 0.0034 -1.0026 0.1499 -0.1790 -1.0112 -0.3468
x5 -0.3073 8.2470 -0.2367 -2.8627 3.3543 0.0850
x1x2 0.0012 -0.0114 0.0030 0.0093 0.0096 0.0073
x1x3 -0.0030 -0.0021 0.0029 0.0011 -0.0016 0.0008
x1x4 0.0009 0.0004 -0.0013 0.0014 0.0014 0.0005
x1x5 0.0051 0.0009 -0.0114 -0.0178 -0.0667 -0.0320
x2x3 0.0014 0.0008 -0.0002 0.0003 0.0153 0.0051
x2x4 -0.0007 -0.0022 0.0041 -0.0002 -0.0020 0.0006
x2x5 0.0022 -0.0190 -0.0045 -0.0072 0.0405 0.0096
x3x4 -0.0001 -0.0005 -0.0036 0.0027 -0.0106 -0.0038
x3x5 -0.0080 -0.0073 0.0386 0.0439 0.0074 0.0300
x4x5 0.0069 -0.0010 -0.0385 -0.0186 -0.0011 -0.0194
x12 -0.0010 0.0057 -0.0015 -0.0046 0.0027 -0.0011
x22 -0.0006 0.0046 -0.0026 -0.0048 -0.0115 -0.0063
x32 0.0012 -0.0039 -0.0038 -0.0036 -0.0056 -0.0043
x42 -0.0006 0.0041 0.0028 -0.0001 0.0085 0.0037




Table A10. Normalized estimated effects (expressed as the % change in the 
quality attributes) per 1% change in each factor and factor interaction 
 
 y1 y2 y3 y4 y5 
A -4.72645 -0.80022 1.236224 2.787879 2.295527 
B -4.02712 -0.74142 1.121112 2.537356 1.920984 
C 0.15912 0.040788 -0.11262 -0.16935 -0.11282 
A*B 0.046667 -0.75246 -0.79336 -0.37821 -0.31829 
A*C 0.574909 -0.02251 0.114352 0.046061 -0.27657 
B*C -1.56912 -0.08947 0.428112 0.74024 0.901312 




Table A11. Validation of all models (Eq. 4.7) 
 
  Zone 1 Zone 2 Zone 3 Zone 4 
  M. E. M. E. M. E. M. E. 
Top 3.4092 3.5482 3.8462 3.9593 3.2696 3.2361 -0.1451 -0.1824 
Side 2.3749 2.4979 2.7659 2.8910 1.4649 1.4466 -0.9960 -1.1377 
Bottom 1.3328 1.6302 1.9069 2.1121 1.1363 1.1214 -0.2844 -0.6813 
Dough 0.8151 1.0211 0.9195 1.2785 0.7650 0.7394 -1.9554 -1.2606 
 







Appendix B1: Source code to redefine Body Force 
 
 
   /***********************************/ 
   /*  Appendix B1.c                */ 
   /***********************************/ 
 
/***************************** Appendix B1: START **************************/ 
 
/*this is a UDF source code used for 2D CFD simulation (Chapter 2)*/ 
 
#include "udf.h" 
#define ref_den  0.6 
 
real cur = 0.0; real pro = -0.01; int i,j,time; 
cell_t c; 
 
/*this programme is used to redefine the body fore caused by flipping the geometry */ 




real gx=0.0, gy=-9.80, den;  
  
C_CENTROID(xc,cell, thread); 
den= C_R(cell, thread)-ref_den; 
  
source = 0.0; dS[eqn]= 0.0; 
 
if (xc[0] > 0.05 && xc[0] < 16.4 ) /*right oven (the flipped side) --> change*/ 
 { 
  source = - den*gy; dS[eqn] = 0.0; 
    } 
    
if ( xc[0] < -0.05 && xc[0] > -16.4 ) /*left oven --> no change*/ 
 { 
  source = den*gy;  dS[eqn] = 0.0;  
   } 





{   
  real pt1[ND_ND],pt2[ND_ND],pt3[ND_ND],pt4[ND_ND],pt5[ND_ND]; 
  real ptC1[ND_ND],ptC2[ND_ND],ptC3[ND_ND]; 
  real xc[ND_ND],velv[100],velu[100],tem[20], k,ax,ay,data,datau,vl,ul,datavel; 
  real sx[10],sy[10],k1,sensor_vel[10],sensor_temp[10],sensor_velu[10]; 
  int kount; 





  Thread *t;    
  /*retrieve thread pointer that corresponds to bread domain*/ 
  Thread *tb= Lookup_Thread(d, 123);  
  /*retrieve thread pointer that corresponds to track domain*/ 
  Thread *ta= Lookup_Thread(d, 124);  
  /*retrieve thread pointer that corresponds to fluid (air inside oven) domain*/ 
  Thread *tf= Lookup_Thread(d, 50);   
 
  cur = RP_Get_Integer("time-step");   
   
  if (pro != cur)   /* to control the acess to this UDF- once per each time step */ 
  { 
  time= RP_Get_Integer ("flow-time"); /*current simulation time*/ 
       
  /* updating the current position of sensors */ 
  
  pt1[0] = -23.88625+((time)*0.022); pt1[1] = 0.467;    /*top sensor1*/ 
  sx[1]=pt1[0];   sy[1]=pt1[1]; 
 
  pt2[0] = -23.833466+((time)*0.022); pt2[1] = 0.409725;/*side sensor2*/ 
  sx[2]=pt2[0];   sy[2]=pt2[1]; 
 
  pt3[0] = -23.88625+((time)*0.022); pt3[1] = 0.357;    /*bottom sensor3*/ 
  sx[3]=pt3[0];   sy[3]=pt3[1]; 
 
  pt4[0] = -23.88625+((time)*0.022); pt4[1] = 0.415;    /*centroid sensor4*/ 
  sx[4]=pt4[0];   sy[4]=pt4[1]; 
   
  pt5[0] = -23.967+((time)*0.022); pt5[1] = 0.43;       /*air sensor5*/ 
  sx[5]=pt5[0];   sy[5]=pt5[1]; 
    
  ptC1[0] = -13.72; ptC1[1] = 0.605;    /*stationary controller sensor6*/ 
  sx[6]=ptC1[0];  sy[6]=ptC1[1]; 
 
  ptC2[0] = -8.25; ptC2[1] = 0.605;     /*stationary controller sensor7*/ 
  sx[7]=ptC2[0];  sy[7]=ptC2[1]; 
 
  ptC3[0] = -2.733877; ptC3[1] = 0.605; /*stationary controller sensor8*/ 
  sx[8]=ptC3[0];  sy[8]=ptC3[1]; 
   
  for (i=0; i<10; i=i+1 ) {sensor_temp[i]=0; sensor_vel[i]=0;  sensor_velu[i]=0;} 
 
  /*reading the cell temperature at sensor location inside the bread domain (tb)*/ 
  for (j=1; j<5; j=j+1) 
  { 
   kount=0.0;  data=0; /*initialized value*/ 
   for (i=0; i<20; i=i+1 ) tem[i]=0; 
     
   begin_c_loop(c,tb) /*loop over all cells*/ 
   {  
       C_CENTROID(xc,c,tb); 
       ax=xc[0]; ay=xc[1]; 
       /*calculating distance between the current cell and the sensor position*/ 
       k=sqrt(SQR(sx[j]-ax)+SQR(sy[j]-ay));  
         
       if ( k<=0.008 ) /*current cell closed to sensoring location*/ 
    {  
    kount++; 
    tem[kount]=C_T(c,tb); /*Read cell temperature from fluent solver*/ 
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       } 
   } 
   end_c_loop(c,tb);      
       
   /*averaging all neigbouring cell value */ 
   for (i=1; i<=kount; i=i+1) 
   {data=data +tem[i]; } 
   sensor_temp[j] =data / kount; 
   }    
 
  /* reading temperature and velocity for sensor5 at track domain (ta)*/ 
    
  for (j=5; j<6; j=j+1) 
  { 
   kount=0.0;   data=0;   datau=0; datavel=0; 
   
  for (i=0; i<20; i=i+1 ) {velv[i]=0; tem[i]=0;  velu[i]=0;} 
       
  begin_c_loop(c,ta) /*loop over all cells*/ 
   { 
    C_CENTROID (xc,c,ta); 
    ax=xc[0]; ay=xc[1]; 
    k=sqrt(SQR(sx[j]-ax)+SQR(sy[j]-ay)); 
         
  if (k<=0.005)  
    {  
     kount++; 
     vl=C_V(c,ta); /*returns v velocity of cell*/ 
     ul=C_U(c,ta); /*returns u velocity of cell*/ 
     velv[kount]=ABS(vl);   velu[kount]=ABS(ul); 
     tem[kount]=C_T(c,ta);  
    } 
   } 
  end_c_loop(c,ta);      
 
   for (i=1; i<=kount; i=i+1) 
   { 
   data =data +velv[i]; datavel=datavel +velu[i]; datau=datau+ tem[i]; 
   } 
 
  sensor_vel[j]=data / kount; sensor_velu[j]=datavel / kount; sensor_temp[j]=datau / kount; 
  } 
  
  /*reading stationary sensor's temperature*/  
  for (j=6; j<=8; j=j+1) 
  { 
  kount=0.0;   data=0;  datau=0; 
  for (i=0; i<20; i=i+1 ) { velv[i]=0;  tem[i]=0;  } 
     
  begin_c_loop(c,tf) /*loop over all cells*/ 
   {  
    C_CENTROID(xc,c,tf); 
   ax=xc[0];   ay=xc[1]; 
   k=sqrt(SQR(sx[j]-ax)+SQR(sy[j]-ay)); 
          
   if ( k<=0.009 )  
    {  
     kount++; 
     tem[kount]=C_T(c,tf);  
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       } 
       } 
  end_c_loop(c,tf);      
 
  for (i=1; i<=kount; i=i+1) 
   { data=data +velv[i];  datau=datau+ tem[i];  } 
   
  sensor_temp[j]=datau / kount; 
  } 
 
  /*write data into files*/  
  fp1=fopen("tray7bread3.xy","a");  
  fp2=fopen("controller_sensor.xy","a"); 
   
  fprintf(fp1, "%g %d  %g %g %g %g %g %g %g\n", sx[2], time, 
sensor_temp[1],sensor_temp[2],sensor_temp[3], sensor_temp[4], sensor_temp[5],sensor_vel[5], 
sensor_velu[5]);  
  fprintf(fp2, "%d  %g %g %g\n",time, sensor_temp[6], sensor_temp[7], 
sensor_temp[8]);   
   
  fclose(fp1);  fclose(fp2); 
 
  cur = RP_Get_Integer("time-step");   
  pro=cur; 




/* to preheat toplid*/ 
DEFINE_PROFILE (preheatlid, t,index) 
{ 
  face_t f; 
  real minx,maxx,ax,xc[ND_ND],a; 
  cell_t c0; cell_t c1; Thread *t0; Thread *t1;    
 
  minx=30; maxx=-70;  
   
  /*check the current position of the bread*/ 
  begin_f_loop(f,t) 
   { 
   F_CENTROID(xc,f,t); ax=xc[0]; 
   if (ax>=maxx)  maxx=ax; 
   if (ax<=minx)  minx=ax; 
   } 
  end_f_loop(f,t) 
 
  /*in the preheating zone*/ 
  if ((maxx>=-18) && (maxx <=-16.4)) 
   { 
   begin_f_loop(f,t) 
    { 
    F_PROFILE(f,t,index) = 368.15; 
    } 
   end_f_loop(f,t); 






  /*after preheating zone*/ 
  if (maxx<-18)  
   { 
   begin_f_loop(f,t) 
    { 
    F_PROFILE(f,t,index) = 307.15; 
    } 
   end_f_loop(f,t); 
   } 
 
  /*inside the oven*/ 
  if (maxx>-16.4) 
   { 
   begin_f_loop(f,t) 
    { 
    c0 = F_C0(f, t);   /*cell on "0" side of face*/ 
    c1 = F_C1(f, t);   /*cell on "1" side of face*/ 
    t0 = THREAD_T0(t);  /*thread *t0 for cell thread on "0" side of face*/  
    t1 = THREAD_T1(t);  /*thread *t1 for cell thread on "1" side of face*/ 
    a= (C_T(c0,t0)+C_T(c1,t1))/2; 
 
    F_PROFILE(f,t,index) = a ; 
    } 
   end_f_loop(f,t); 




/***************************** Appendix B1: END ****************************/ 
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Appendix B2: Source code for controller design 
 
 
   /***********************************/ 
   /*  Appendix B2.c                */ 
   /***********************************/ 
 
/***************************** Appendix B2: START **************************/ 
 




#define ref_den  0.6 
    
real tem[20];  
real cur = 0.0;  /* setups to ensure one data is read per time step*/ 
real pro = -0.01;  
int time,read_time;  
/*define global variable time=current time step-1(include oven heating-up; read_time=corresponding to 




real profile2=-0.01, profile3=-0.01; 
real current2=0.0, current1=0.0; 
 
real a,b,a1,b1; 




/*controller tuning parameters (to be changed according to processing conditions)*/ 
real Kpc28=16.10338;  
real Kpd27=21.55061;  
real Kpc17=4.208248;  







real Kic28,Kid27, Kic17, Kid18; 
 
void moving_ave(int time); 
 
DEFINE_SOURCE(gravity_up, cell, thread, dS, eqn) 
{ 
  real source; 
  real xc[ND_ND]; 
  real gx=0.0, gy=-9.80;  
  real den;  
  
C_CENTROID(xc,cell, thread); 
den= C_R(cell, thread)-ref_den; 
  
source =  0.0; 
dS[eqn] = 0.0; 
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if (xc[0] > 0.05 && xc[0] < 16.4 )  
{ 
source = - den*gy; 
 dS[eqn] = 0.0; 
 } 
 
if ( xc[0] < -0.05 && xc[0] > -16.4 )  
{ 
 source = den*gy; 
 dS[eqn] = 0.0;  
} 





{   
  real pt1[ND_ND],pt2[ND_ND],pt3[ND_ND],pt4[ND_ND],pt5[ND_ND]; 
  real ptC1[ND_ND],ptC2[ND_ND],ptC3[ND_ND]; 
  real xc[ND_ND],velv[100],velu[100],tem[20], k,ax,ay,data,datau,vl,ul,datavel; 
  real sx[10],sy[10],k1,sensor_vel[10],sensor_temp[10],sensor_velu[10]; 
  int kount; 
  FILE *fp1, *fp2, *fp3; 
 
  Thread *t;    
  /*retrieve thread pointer that corresponds to bread domain*/ 
  Thread *tb= Lookup_Thread(d, 160);  
  /*retrieve thread pointer that corresponds to track domain*/ 
  Thread *ta= Lookup_Thread(d, 161);  
  /*retrieve thread pointer that corresponds to fluid (air inside oven) domain*/ 
  Thread *tf= Lookup_Thread(d, 47);   
 
  cur = RP_Get_Integer("time-step");   
   
  if (pro != cur)   /* to control the acess to this UDF- once per each time step */ 
  { 
  time= RP_Get_Integer ("flow-time"); /*current simulation time*/ 
       
  /* updating the current position of sensors */ 
  
  pt1[0] = -23.88625+((time)*0.022); pt1[1] = 0.467;    /*top sensor1*/ 
  sx[1]=pt1[0];   sy[1]=pt1[1]; 
 
  pt2[0] = -23.833466+((time)*0.022); pt2[1] = 0.409725;/*side sensor2*/ 
  sx[2]=pt2[0];   sy[2]=pt2[1]; 
 
  pt3[0] = -23.88625+((time)*0.022); pt3[1] = 0.357;    /*bottom sensor3*/ 
  sx[3]=pt3[0];   sy[3]=pt3[1]; 
 
  pt4[0] = -23.88625+((time)*0.022); pt4[1] = 0.415;    /*centroid sensor4*/ 
  sx[4]=pt4[0];   sy[4]=pt4[1]; 
   
  pt5[0] = -23.967+((time)*0.022); pt5[1] = 0.43;       /*air sensor5*/ 
  sx[5]=pt5[0];   sy[5]=pt5[1]; 
    
  ptC1[0] = -13.72; ptC1[1] = 0.605;    /*stationary controller sensor6*/ 
  sx[6]=ptC1[0];  sy[6]=ptC1[1]; 
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  ptC2[0] = -8.25; ptC2[1] = 0.605;     /*stationary controller sensor7*/ 
  sx[7]=ptC2[0];  sy[7]=ptC2[1]; 
 
  ptC3[0] = -2.733877; ptC3[1] = 0.605; /*stationary controller sensor8*/ 
  sx[8]=ptC3[0];  sy[8]=ptC3[1]; 
   
  for (i=0; i<10; i=i+1 ) {sensor_temp[i]=0; sensor_vel[i]=0;  sensor_velu[i]=0;} 
 
  /*reading the cell temperature at sensor location inside the bread domain (tb)*/ 
  for (j=1; j<5; j=j+1) 
  { 
   kount=0.0;  data=0; /*initialized value*/ 
   for (i=0; i<20; i=i+1 ) tem[i]=0; 
     
   begin_c_loop(c,tb) /*loop over all cells*/ 
   {  
       C_CENTROID(xc,c,tb); 
       ax=xc[0]; ay=xc[1]; 
       /*calculating distance between the current cell and the sensor position*/ 
       k=sqrt(SQR(sx[j]-ax)+SQR(sy[j]-ay));  
         
       if ( k<=0.008 ) /*current cell closed to sensoring location*/ 
    {  
    kount++; 
    tem[kount]=C_T(c,tb); /*Read cell temperature from fluent solver*/ 
       } 
   } 
   end_c_loop(c,tb);      
       
   /*averaging all neigbouring cell value */ 
   for (i=1; i<=kount; i=i+1) 
   { data=data +tem[i]; } 
   sensor_temp[j]=data / kount; 
   }    
 
  /* reading temperature and velocity for sensor5 at track domain(ta)*/ 
    
  for (j=5; j<6; j=j+1) 
  { 
   kount=0.0;   data=0;   datau=0; datavel=0; 
   
  for (i=0; i<20; i=i+1 ) {velv[i]=0; tem[i]=0;  velu[i]=0;} 
       
  begin_c_loop(c,ta) /*loop over all cells*/ 
   { 
    C_CENTROID(xc,c,ta); 
    ax=xc[0]; ay=xc[1]; 
    k=sqrt(SQR(sx[j]-ax)+SQR(sy[j]-ay)); 
         
  if (k<=0.005)  
    {  
     kount++; 
     vl=C_V(c,ta); /*returns v velocity of cell*/ 
     ul=C_U(c,ta); /*returns u velocity of cell*/ 
     velv[kount]=ABS(vl);   velu[kount]=ABS(ul); 
     tem[kount]=C_T(c,ta);  
    } 
   } 
  end_c_loop(c,ta);      
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   for (i=1; i<=kount; i=i+1) 
   { 
   data=data +velv[i]; datavel=datavel +velu[i]; datau=datau+ tem[i]; 
   } 
 
  sensor_vel[j]=data / kount; sensor_velu[j]=datavel / kount; sensor_temp[j]=datau / kount; 
  } 
  
  /*reading stationary sensor's temperature*/  
  for (j=6; j<=8; j=j+1) 
  { 
  kount=0.0;   data=0;  datau=0; 
  for (i=0; i<20; i=i+1 ) { velv[i]=0;  tem[i]=0;  } 
     
  begin_c_loop(c,tf) /*loop over all cells*/ 
   {  
    C_CENTROID(xc,c,tf); 
   ax=xc[0];   ay=xc[1]; 
   k=sqrt(SQR(sx[j]-ax)+SQR(sy[j]-ay)); 
          
   if ( k<=0.009 )  
    {  
     kount++; 
     tem[kount]=C_T(c,tf);  
       } 
       } 
  end_c_loop(c,tf);      
 
  for (i=1; i<=kount; i=i+1) 
   { data=data +velv[i];  datau=datau+ tem[i];  } 
   
  sensor_temp[j]=datau / kount; 
  } 
 
  /*write data into files*/  
  fp1=fopen("tray7bread3.xy","a");  
  fp2=fopen("controller_sensor.xy","a"); 
 
  /* sensor temperature to be feedback to the controller */ 
  if (time <=500) /*no moving average needed*/ 
  {fp3=fopen("controller.xy","w");} 
  else if (time >500) /*start accumulating*/ 
  {fp3=fopen("controller.xy","a");} 
    
   fprintf(fp1, "%g %d  %g %g %g %g %g %g %g\n", sx[2], 
time, sensor_temp[1], sensor_temp[2],sensor_temp[3], sensor_temp[4], sensor_temp[5], sensor_vel[5], 
sensor_velu[5]);  
   fprintf(fp2, "%d %g %g %g\n",time, sensor_temp[6], sensor_temp[7], 
sensor_temp[8]);   
   fprintf(fp3, "%d %g %g\n",time, sensor_temp[7],sensor_temp[8]);   
   
   fclose(fp1);  fclose(fp2); fclose(fp3); 
 
   cur = RP_Get_Integer("time-step");   





/* to preheat toplid*/ 
DEFINE_PROFILE (preheatlid, t,index) 
{ 
  face_t f; 
  real minx,maxx,ax,xc[ND_ND],a; 
  cell_t c0; cell_t c1; Thread *t0; Thread *t1;    
 
  minx=30; maxx=-70;  
   
  /*check the current position of the bread*/ 
  begin_f_loop(f,t) 
   { 
   F_CENTROID(xc,f,t); ax=xc[0]; 
   if (ax>=maxx)  maxx=ax; 
   if (ax<=minx)  minx=ax; 
   } 
  end_f_loop(f,t) 
 
  /*in the preheating zone*/ 
  if ((maxx>=-18) && (maxx <=-16.4)) 
   { 
   begin_f_loop(f,t) 
    { 
    F_PROFILE(f,t,index) = 368.15; 
    } 
   end_f_loop(f,t); 
   } 
 
  /*after preheating zone*/ 
  if (maxx<-18)  
   { 
   begin_f_loop(f,t) 
    { 
    F_PROFILE(f,t,index) = 307.15; 
    } 
   end_f_loop(f,t); 
   } 
 
  /*inside the oven*/ 
  if (maxx>-16.4) 
   { 
   begin_f_loop(f,t) 
    { 
    c0 = F_C0(f, t);   /*cell on "0" side of face*/ 
    c1 = F_C1(f, t);   /*cell on "1" side of face*/ 
    t0 = THREAD_T0(t);  /*thread *t0 for cell thread on "0" side of face*/  
    t1 = THREAD_T1(t);  /*thread *t1 for cell thread on "1" side of face*/ 
    a= (C_T(c0,t0)+C_T(c1,t1))/2; 
 
    F_PROFILE(f,t,index) = a ; 
    } 
   end_f_loop(f,t); 








FILE *fp7, *fp1; 








current1 = CURRENT_TIME;  
 






/*current time is not a multiple of 30, there will be no adjustment of MV2*/ 
if (time % 30 !=0) 
{ 
/*retrieve data from previous time step*/ 
 fp1=fopen("burner3.xy","r"); 
 fscanf(fp1,"%g",&errorC[1]); /*Er8 of previous time step*/ 
 fscanf(fp1,"%g",&errorD[1]); /*Er7 of previous time step*/ 
 fscanf(fp1,"%g",&a1); /*MV2 of previous time step*/ 
 fclose(fp1); 
  
 a=a1; /* a = MV2 of the current time step*/ 
} 
  
/*current time is a multiple of 30, the controller will calculate the new value of MV2 required*/ 




 for (i=1; i>4;i++) 
 {errorC[i]=0; errorD[i]=0; } 
 
 if (time !=0) 
 { 
  fp1=fopen("burner3.xy","r"); 
  fscanf(fp1,"%g",&errorC[1]); 
  fscanf(fp1,"%g",&errorD[1]); 
  fscanf(fp1,"%g",&mv_M1); 
  fclose(fp1); 
 } 
 
 errorC[2]=error8; /*Er8 of current time step*/ 
 errorD[2]=error7; /*Er7 of current time step*/  
 
 /*PI*/ 





/*control the change in MV2, the maximum change allowed = ±20) 
 if (deltaT1<0) 
  { 
  if (-(deltaT1)>20) 
  {deltaT=-20;} 
  else deltaT=deltaT1; 
  } 
  
 if (deltaT1>0) 
  { 
  if (deltaT1>20) 
  {deltaT=20;} 
  else deltaT=deltaT1; 
  } 
   
 a1=deltaT+mv_M1;  
 rf=a1; 
 
/*the upper and lower limit for a1 is 880 and 400 respectively*/ 
 if (a1>=880) 
 {a1=880;} 
 else if (a1<=400) 
  {a1=400;} 
 a=a1; 
 } /*end if (time % 30==0)*/ 
 
 fp1=fopen("burner3.xy","w"); /*store information to be used for the next time step*/ 
 fprintf (fp1,"%g  %g %g\n",error8,error7,a1); 




  printf ("cannnot open fp7\n"); 









  if (controller_8!=0)    {a = a1;} 
  F_PROFILE(f,t,index)=a; 
  end_f_loop(f,t); 
} 
 
} /*end burner3*/ 
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current2 = CURRENT_TIME;  
 




/*current time is not a multiple of 30, there will be no adjustment of MV1*/ 
if (time % 30 !=0) 
{ 
/*retrieve data from previous time step*/ 
 fp1=fopen("burner4.xy","r"); 
 fscanf(fp1,"%g",&errorC[1]); /*Er7 of previous time step*/ 
 fscanf(fp1,"%g",&errorD[1]); /*Er8 of previous time step*/ 
 fscanf(fp1,"%g",&a1); /*MV1 of previous time step*/ 
 fclose(fp1); 
  
 a=a1; /* a = MV1 of the current time step*/ 
} 
  
/*current time is a multiple of 30, the controller will calculate the new value of MV2 required*/ 




 for (i=1; i>4;i++) 
 {errorC[i]=0; errorD[i]=0; } 
 
 if (time !=0) 
 { 
  fp1=fopen("burner4.xy","r"); 
  fscanf(fp1,"%g",&errorC[1]); 
  fscanf(fp1,"%g",&errorD[1]); 
  fscanf(fp1,"%g",&mv7_M1); 
  fclose(fp1); 
 } 
 
 errorC[2]=error7; /*Er7 of current time step*/ 
 errorD[2]=error8; /*Er8 of current time step*/  
 
 /*PI*/ 








/*control the change in MV1, the maximum change allowed = ±20) 
 if (deltaT1<0) 
  { 
  if (-(deltaT1)>20) 
  {deltaT=-20;} 
  else deltaT=deltaT1; 
  } 
  
 if (deltaT1>0) 
  { 
  if (deltaT1>20) 
  {deltaT=20;} 
  else deltaT=deltaT1; 
  } 




 if (b1>=880) 
 {b1=880;} 




 } /*end if (time % 30==0)*/ 
 
fp1=fopen("burner4.xy","w"); /*store information to be used for the next time step*/ 





 printf ("cannnot open fp8\n"); 




current2 = CURRENT_TIME;  
profile3=current2; 
 




 if (controller_7!=0) 
 {b= b1 ;} 
  F_PROFILE (f,t,index)=b; 
 end_f_loop(f,t); 
 }  
 
} /*end burner 4*/ 
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 void moving_ave(int time) 
{ 
int dummy,timenow,jk; 
 real contS7[3500], contS8[3500]; 
 real data,datau; 
 FILE *fp9; 
  
 for (i=1; i<=3500; i++) 
 { contS7[i]=0; contS8[i]=0;   } 
    
 fp9=fopen("controller.xy","r"); 
  
 if (time<=500) 
 { 
   fscanf(fp9, "%d", &dummy); 
   fscanf(fp9, "%g", &contS7[dummy]); 
   fscanf(fp9, "%g", &contS8[dummy]); 
   controller_7= contS7[dummy]; 
   controller_8= contS8[dummy]; 
 } 
  
 else if (time>500) 
 { 
for (dummy=500; dummy<=time; dummy++) 
    {       /* loop through and store the numbers into the array */ 
      fscanf(fp9, "%d", &timenow); 
      fscanf(fp9, "%g", &contS7[timenow]); 
      fscanf(fp9, "%g", &contS8[timenow]); 
    } 
  fclose(fp9); 
   
  if (time<530) 
 { controller_7= contS7[time-1]; 
controller_8= contS8[time-1];  } 
  
 else if (time>=530) /*to calculate moving average*/ 
 { 
  data = 0; datau = 0; 
  for (i=time-30; i<=time-1; i++) 
   {data = data+contS7[i]; datau=datau+contS8[i]; 




   
  if (time<500) 
  {Ts7=550 ;}   else   {Ts7=510;} 
   
  if (time<750) 
  {Ts8=550 ;}   else   {Ts8=550;} 
   
  error8=Ts8-controller_8; 






/***************************** Appendix B2: END ****************************/ 
